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{Unclassified Abstract)
ABSTRACT

Yy {keuvretical and experimental means, a mathematical model
of hypergolic ignition in reaction control systems has been
developed based on physical kinaticn of droplet evaporation and
Shewa 2Y Minotine o0 fo-iiicr sZ2ctions, Reasonable agreement
between theoretical and experinental ignition delays are
obtained. The dominsnt reactions of Ng9O4 with the hydrazine
fuels et reduced pressures a.e found to be thermal, gae phase
reactions which are bimolecular and have low activation eneigiles
and pre-exponential factors. A pre-ignition reaction product
was found which is a clear, yellow, viscous liquid with a very
low vapor pressure. The "adduct'" has the characteristics of

'a monopropellant and contains considerable energy. Its relation

to pressure spiking during engine start .ransients is as yet
undetermined. O©Of six additives tested, only furfuryl alcochol
had & significent beneficial effect on the ignition character-
istics of N204/m°

The infliuence of thrust chamber design parameters on the
ignition celay and pressure transiente of Compound A with NoHy,
UDMH and MHF-5 and alec gasecus Fy/Hy was investigated  The

- rernlts Gre repsried. Very short ignition delays and smooth

pregsure transients were obtained with the F9/Hy combination
regardless of chamber coafiguration. Also, short rise times
to 90% steady-state chauber pressure resulted, Bowever, a
dependency o~ chamber L* only exists.
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i NOMENCLATURE
. A. Frequency factor, cc/mols-se: for himolecular
o raaction
. A* Nozzle throat area, ftz
Ac Surface area of the thrust chamber, £¢2
(Task 1)
Ac/Ay Contraction ratio (Task III)
- Ad Surface area of drop or drops, £2
- Cas éb | Concentrations of reactants A ancd B, mole/cc
cp ‘ Specific heat, cal/gr-°C
cpy Heat capacity of the liquid, Btu/1b-°R
Cpg Heat capacity of the vapor, Btu/lb,-°R
Cp Molar heat capacity , Btu/lb-mole-CR
Ci Conetant (pg. 18)
E, &, Energy of activation, cal/mole
ful Steiic factor
gc Dimensional fagtor, 32.2 lby-ft/1bs-sec?
h Wegat transfer coefficient, Btu/sec-:t2-°R
CGevap | Mags of gas evonorated, lby
Giy Mass evaporated from one droy in the ith class
of the jih ensemble during one time interval,
by
. Gy Total mass evaporated from all drops in the system
during one time intervael, 1lb,
. Gy Mass of vapor condensed on chamber walls during
' ons time iaterval, 1y, i
i Drop class, 1< 1< 3
; Drop ensembie, 1< j < K #
-xild-
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k Isentropic sxzposent '
X | ‘Boltsmann constant = 1.38 x 10-16 org/Ok molecule .
kg Thermal comductivity of vepor, Btu/sec-fi3-(9R/ft) ’
I* Characteristic lemgth, ic. i
n  Partial order of resctioa with respect to fusl

B Bass of vapor in the thrust chamber, lbm

By, n@x Neolecular mass of fuel sznd axidizcr; gm/molecule

Bpox Vapor masg afflux through the nczzle during one

timd interval, 1lby

f | Nolecular weight, lh,/lb-mole

] Parti<l order of reaction with respect to oxidiser

N Total orlsr of reuction =m + n

N ‘Humber of time intervale, time/ Atp

Number of drops im ith drop class

¥y Number of drops in jik enszomble

Ryp Time irterval in which the tempersturs of a drop

. o reachses the fireezing point
Ky : Lvsgadro pumber = 6.024 x 1023 molecules/mole
!i Time interval iz which the drop becomes frozen
solid

P ;. Gss prégewre, atm.

| E&aﬁhcr pressure, psias
g 7 Total pressure = p¢ + Pox o
Pg(Ty)  Gas pressure ia the thrust chamber, 1lb/ft? ‘
Fyéré) Prqptllnnt}vnppr proslnso correupondizg to the

: droy temperature, lb/ft

Py(Ty) Froyellaat vaper pressure corresponding to the
vall temperatere, 1b/ft3

',;y, Praxdtl Rumbder, dimensionless
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Q Hsat of -eaction, cal/mole

Q' Total ssergy reaching the surface of all drops in
the systea in one time interval, Btu

qvij "~ Energy resching the surfsce of the ith sirze drop
of the jth engsembie in one time interval, Btu

) o » Beactor radius, cm

rs, rox Molecular radii, cm

rijy Radius of drops in the itk class of the jth
onsemble, fi

R o Universal gas constant, 1548 lbf-ftllb-nole °R =

: 1.987 cal/gr-mole °K

Re Reynolds Nqnber, dimensionless

t Time, sec

T Temperature, %K

Ta Drop temperature, °R

Tg Ges temperature, OR

To ¥Wall temperature, °K

v Nean molecular velocity, cm/secr

U Linear velocity, cm/sec
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¥, - v At, 1by
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X Quality
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e
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»

Comstant (pg. 36)
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| Accommodation coefficient
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Ratio of partial pressures of oxidizer to fuel
Critiéal fictor for thermal explosion
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Constant (pg. 88)
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1
INTRODUCTION

Thiokol Chemical Corporation, Reaction Motors Division has
been investigating the igrition characteristics at reduced
pressures of ¢ number of hypergols under Air Force Contract
AP04(611)-9946. The Final Report - Part I covering the work
performed duriig the initial ten-month program is contained in
Report AFRPL-Tii-65-105, dated July 1965. These studies included
an investigation of hypergolic ignition characteristics in
(a) an unconfined impinging stream apparatus and (b) 50-1b.
thrust chambers at simulated altitudes for the purpose of
determining attitude control engine design criteria to minimize
ignition delays and to eliminate pressure spikes in the start

transients. .

In brief, the results of the initial ten-month program
indicate that:

1) ignition delaye of N204/hydrazine-type fuels are
strongly pressure dependent,

2) impinging stream injector parameters - impingement
angle and length, injection velocity, type of
manifolding - have a negligible effect on ignition

delays,

3) for constant propellant flowrate, design chamber
pressure, i.e. nozzle throat area, significantly
affects ignition delay and rise time to steady
state chamber pressure, .

4) for constant propellant flowrate and constant
design chamber pressure (throat area) thrust
chamber geometry -~ L* and contraction ratio - has
little effect on ignition delay and rise time,

5) pressure spikes during start transients are of
random occurrence and magnitude and are not affected
appreciably by any of the engine design parameters
studigd (design chamber pressure, L*, and contraction
ratio), ’

and 6) a more fundamcntal approach is needed to understand
and then correct tne ignition delay-pressure spiking

G AT B AT 1 3
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problom that exists with the Ezoq/hydruzino-typc fuels
combinations.

The readsar is referred to the final report of the ten-month
program (Ref. ' ‘or a detailed discussion of the 2bove findingsx.

A six-acnths continuation progras was undertaken subsequently
for the purp. 3¢ of constructing a fundawental mathematical model
for the ignition of hypergolic propellants at reduced pressu.es A
in reaction coatrol systéme. The progrsw was porformed is three DR
5 sajor tashs. The specific objectivee of each tsak are described :
; as follows:

Tusk 1 - NMeasurement of Seaction Rates

The objesctives of this task are tc measure the activation
eusrgy and order of reaction for the following propellsnt
coabinations and coastruct 2 mathematical model for ignitt C
of taese propallant2 at reduceu pressures in altitude control i

engines. EL
N30, /5050 %40, /MMH A |
N204/UDMS Ng04 /NgHy
| Y4.0) . .
Task 11 ~ BEvaluation of Additives to Reduce Activation Energy j ,;; :
The objectiv> of this task is to evaluste propcel.ant '”f;

sdditivas for the reduction of arntivetion energy requirements
for KgO4 /XNH gand Ng04,/56-50 usipg the expsr:mentz]l spparaius
daveloped for Task I above.

Tarzk 1IJ - Tarust Chasber Designo Paramet:r Study

The objestive of this task ie to avslurte the influence of
thruct chamber design paraseters on the .gnition delays and
swart transients of lompound A/NoR, 23d gaseous Fp/Hy. The
speciric prramseters of i~tereat are charscteristic length,
chamher pressure,; conf{raction ratic, scd propellsnt lexd. 'axg.
Tt wo o mede 2t 2 thrust leval of ~“O-ibs. over the raage of
pirss=ters shows below:

e o o i e
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are

Characteristic length (L*) 5-50 1iun.
Chamber pressure 20-200 psia
Contraction ratio \ 1.5-8
Oxidizer lead | +2 to -2 msec
*-wvat (pominal) 50 1bs.
Ambient pressure < 0.2 pais

The results of the experimental and theorctical programs
discussed in the following sections.

g
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I
SUMMARY

The objective of the program reported herein wss to construct N
e fundamental mathematical model for the ignit:on of hypergolic
pr.yellian s at reduced pressvres. This program is a siz-month
sxtension of an initial ten-month progiam to estalt-lish artitude -
control epgine design criteria which would winimize ignition
felsy and eliminate preasure spikes in the start transients
vith hypeirgeiic propeilants at rediuced pressures. The results
of tha initial ten-wmonth program are described in d=tail in
Bcporﬁ I~-TR-65-105. BResults of the initial prog. am indicsted
that the aventional injecior and thrust chamber con’igurstion
psrametens had little influence on igniticen and tnat z more
fundamental investigation of the pre-ignitiom reactior rates
and chemical kXinetics was required in order to develor a
suitable wodel for ignition of hypergolic propellants at reduced
pressuras.

This re-ort is the final report of the six-month extension
programr which was performed in three «oparate tasks in order
to sccomplish the objectives. The purpose of Task I was to
meagure the ore-ignition reaction rates feor hy0,/UDMH, No04/MMH,
N304 /N2Bg and ¥2/H3 and incorporate these data into & fundamental
mathewstical model for the ignition -t k. e=rgoli~c propellants
at reduced pressures in resmct.on cortrol systems. The purpose
of Task I: was to cvaluate sel2cted additives for the 1~duction
of sctivation energy requirements for No(y4/MiH and F04/50-50.
The puryose of Task III was Lo evaluate the infiuence of thrust
chamber design parameterae on the ignition delay snd pressurc
trensients of Compound A/M K+ 2nd gaseous Fp/H2. The results
of these tsuks are susmarized below.

The dsvelo-wment of 2 sathemstical model of hyperrolic

igaition 18 reaction contrel svstems foiiowed two patha: The
deverainstion of the pressure history in a» engine due to
propelisast vapolizallion and the determination of the chemical

instices of ignition renctions of the varlous hypergolic
combivaticang. It i8 necesgary to consider bo.h parvts of ths
probiem since reikction tises for the nvdrazire-twpe fuels with
uitroge feirnyide at the pressure encouttercd curing engine v,
sisri-up zre cumparsble (o th~ times rejyuired for the presgsure
in the thruel suesber to reach ievels at which ignition can
oeewr.  The hypargoelic ignition model resalts from - werger of
the twe patas.
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A computer program was developed for predicting chamber
pressurization due to propellant vaperization taking into account
the rate of propellant injection, the kinetics of propellant
droplet evaporation znd vapor condensation, vapor-drop heat
transfer, drop residence time, thrust chamber geometry, and
propellant vapor efflux through the nozzle. A three drop-size
spray model is used ic represent mathematically the actual
propeliant spray which forms in the thrust chamber. The
principal quantities, whose time-dependent vzlues are calculated,

are:
(z, mass evaporation from each spray drop
(b) radius of each drop
(c) temperature of each drop
(d) fraction of each drop that is frozen
(e) vapor mass flow through the nozzle
(1) vabor mass condensing on the chamber walls
(g) gas temperature

//’and (h) gas pressure.

Using carktoa tetrachloride as the working fluid since its
properties are well known, it was found that the vapor-drop
system is non-adiabatic. Despite the short times involved in
chamber pressurization due to propellant vaporization, heat
addition to the vapor-drop system occurs when drops strike
the chamber walls. Using a crude model to account for the
heat addition to the vapor-drop system, agreement to within
10% was obtained betweer calculated and experimental curves
of chamber pregsurization.

The computer program permitted an evaluation to be made
of two potential problem areas: the effect on chamber pres-
surization rates of accommodation coefficient and of spray
drop sizes. Using two propellants individually (one, 0014;
the other, hypothetical propellant differing only in its
accommodation coefficient) it was found that the effect of
accommodation coefficient oa chamber pressurization is much
less than linear. The direct effect of a low accommodation
coefficient-decreased evaporation rate at a given drop
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tenpernture - 18 offset to a great extent by the resulting
slower cooling rate of the drop. Thus, the vapor presmsure of
the drop is higher than it otherwise would be and this results
in relatively more vaporization. A 50% decrease in accommo-
dation coefficient caused only a 10 to 15% decrease in chamber
pressure at any time. Since accommodation coefilicients are in
general unknown and are extremely difficult to measure, it is
fortunate their effect on chamber pressurization rates is small.

The effect of spray drop sizes on chamber pressurization
wvas also found to be small. Two computer runs were made differ-
ing only in the initial values of radii of the three drop-size
sprays. The mass-median drop irn one case was 75 microns, in the
other 50 microns. The resulting pressure curves differed by
only 7%. Although the smaller drcps mean a greater total drop
surface area since there are more drops for a given flowrate,
these smaller drops evaporatively cool at a faster rate which
leads to less vaporization due to lower vapor pressure. Due
to the uncertainties in actual drop sizes of propellant sprays,
tkis finding, too, is fortunate.

Very short exposure photographs were taken of propellant
streams injected into a low pressure environment. The photo-
graphe show not only that ambient pressure strongly affects
the characteristics of the sprays but also that the breakup
of the injected stream into drops occurs quickly at low
ambient pressures, up to 1 1/2 msec depending on the propellant
and injection velocity.

For the more volatile propellants such as N5,04 and Compound
A, the calculated and experimental chamber pressurization curves
indicate that a significant amount of time is required for the
flow, once initiated, to build-up to the full flowrate.
Appreciable "flashing' of the propellant within the injector
volume slows the arrival of all-liquid flow at the injector face.
The reduced mass flow caumes a slower pressure rise in the
chamber than would otherwise be the case. The computer program
at present does not include expressions to account for transient
flow upon propellant valve opening. With less volatile propel-
lants, i.e., the hydrazine-type fuels, full flowrates are
reached very quickly if fast-acting valves are used and injector
volume is kept to a minimum.

The kinetic factors required in the hypergolic ignition
model -to describe the ignition reactions were obtained through
an application of the theory of chermal explosions to experi-
menitally measure ignition pressure limits. The overall order
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of reaction was determined from the varistion of ignition
pressure limits with reactor size, the activation energy from
the effect of initial temperature, and the partial reaction
orders from composition effects. 7The pre-exponential factor
was calculated in two ways: (1) from the theory of thermal
explosions (steady-state approximation equation) using the
experimentally determined values of overall reaction order,
partial reaction orders and activation energy; and (2) from

a measured axial temperature profile in the premixed reactant
stream at low pressures. The gcod ugreement between the two
determinations of the pre-exporential factor substantiates
the applicability of the theory of thermal explosions to the
ignition resactions of the hydrazine-~type fuels with nitrogen
tetroxide. The reactions are found to be bimolecular with®
low activation energies (7.2 kcal/mole for UDMH and 5.2 kcal/
role for MMH) and low pre-exponential factors.

During the experimental determinations of the kinetic
factors, the formation of a pre-~ignition reaction product was
observed for each of the four hydrazine-fuel combinations
tested. The adducts formed at pressures .below minimum
ignition pressures, condensed on the walls of the reactor, and
collected as a liquid at the base of the experimental apparatus.
In general, the adducts are clear, yellow, viscous liquids
with very low vapor pressures and are stable at room temperatures
and pressures. Preliminary analyses of the adduct formed from
. premixed MMH and NOg vapors at 5 mm Hg indicate the adduct is

a simple additive product which has the characteristics of a
monopropellant and which contains considerable energy. Its
role in relation to pressure spiking during start transients
in reaction control systems is as yet undetermined.

The theoretically derived ignitica delay equation (bimolec-
ular ignition reaction) is:

T g - 32-1-33 (1 . é‘) (CPf . 8 cPox) . Ey/RTg

PgAQB‘ ;
Pox
where Pg = pp + Pox and ,@ - — (see nomenclature for
Pt meaning of symbols)

The reactant psrtial pressures, ps and Pox, ire obtained
individually by the analysis for cha-ber pressurization due

to propellant vaporization.

- TEETYATE 2O
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The above equation assumes that gas phase ignition reactions
are the dominant reactions. The justification for the assumption
comes from both experimental and theoretical results. Experi-
mental ignition delays of several hydrazine fuels with NoO4 in
an impirging stream apparatus indicate that fuel vaporization
is the controlling process at one atmosphere ambient pressure,
tbereby implying gas phase rzactions.  Also, theoretical cal-
culations show that the collision frequency between unlike
gxs molecules is 4000 times grester than the frequency of gas-
drop surface collisions at comparable conditions.

Pressure-ignition delay curves, calculated by the above
equation for N,O,/UDMH and N204/IIB show the effects of both
temperature ana vapor phase composition on ignition delays.
Ignition delays are decreased by about 22% per 10°C increase
in teaperature. The optimum vapor phase composition for
ignition is found to be the equimolecular mixture which, for
ODMH, MMH and 50-50 with N304, is merkedly more fuel rich
than typical mixture ratios for optimum performance.

A comparison between experimental and calculated engine
ignition delays, estimating for the calculations the vapor
composition and temperature, gives good agreement. To predict
the vapor composition and temperature, it is necessary to
include in the pressurization analysis expressions for the
transient NgO4 flow upon propellant valve opening and for the
heat transfer between thrust chamber walls and the evaporating

. vapor - drop system. Then, further verification of the model

is nveded.

Five fuel additives and one oxidizer additive were tested
for their effects on ignition characteristics of N,04/MMH.
The additives were tested in the apparatus used for the
chemical kinetics study. This apparatus is well suited to
additive screening. The five fuel additives tested were:

furfuryl alcohol
phenyl ether
methyl butynol
ethyl ether

and benzene.

The additive concentrations were 10% by weight of the fuel.
Of the five additives only furfuryl alcohol caused a

significant effect. The minimum ignition pressure of NOo/dMH
was reduced by 25% with the additive.
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(C) Compound R, FC(NF;)3, was tested as an oxidizer
additive in amounts of 2 and 3% of NO3. This additive not
only raised minimum ignition pressures but also made them
very erratic. It was necessary to thoroughly wash the
apparatus in order to obtain again the usual, very repeatable
ignition pressure limits.

(U) Under Task III, thrust chamber tests were made with
a variety of thrust chamber configurations (L*, contraction
ratio, design chamber pressure) to determine the effect of
chamber design parameters on the ignition characteristics of
Compound A with several hydrazine-type fuels and gaseous
Fa/Hp. The design chamber pressures selected for the tests
were %3, 75 and 200 psia, each for a nominal thrust level of
50 lbs. Thrust chambers having L*'s of 5, 10, 30 and 50 in.
and nominal contraction ratios of 1.5, 3.5 and 8 were
fabricated for each design chamber pressure (except for several
combinations of parameters which resulted in impractical
configurations) and tested at a nominal ambient pressure of
10 mm Hg. Transparent thrust chamber cylinders were used for
visual and photographic observation of ignition characteristics.
A simple, single-element doublet injector having minimum mani-
fold volumes was used for most of the Compound A/hydrazine-type
tests. A concentric tube injector consisting of a single axial
orifice for the oxidizer and a concentric annulus for the fuel
was used for the F3/Hg tests.

(C) The thrust chamber tests with Compound A as the oxidizer
were made primarily with NoH4 as the fuel. In addition to the
investigation of configuration effects, tests were mzde to
determine the influence of mixture ratio and propellant leads
on ignition characteristics. Additional tests also were made
with UDMH and MHF-5 as the fuel for comparison purposes. MHF-5
is a classified mixed hydrazine fuel consisting of 26% hydrazine,’
55% monomethyl hydrazine and 19% hydrazine nitrate. In general
it was found that ignition delays with these propellants were
very short and, contrary to the results of similar thrust
chaxber tests with NyO4/hydrazine-type propellants (Ref. 1),
were independent of pressure in the chamber prior to ignition.
There was no correlation between chamber pressurization due to
propellant vaporization (necessary for ignition of N204/N284
propellants) and ignition delay in these tests.

(C) 1Ignition delays and cimes to 90% of steady state
chamber pressure were shortest with Compound A/UDMH. Ignition

-9 -

COMEINENTIAL 7



CONFIDENTIAL

AVRPL~TR-65-357

(%)

cceurred approximately 7-9 msec after application of the
elecirical signal to the propeliant valves. This corresponds

to the time st which both propellants first enter the chamber
as & vapor-liquid aixture. Although Compound A snd UDMH

vapors initially enter the chamber at 3 mesec, the concentrations
are insufficient for ignition, except for several instances

of v-3k, discontimuous, preignition reactions detected by faint
light owiput in some tests with UDME (and other fuels).

(C) Ignition with botk 'igliy and MEF-5 occurred 10-14 msec
after the start sigral which corresponds quite closely with
the times (10-12 msec) 2t wbich both the oxidizer and the fuels
first enter in the liquid ntate. MHF-5 is first detected
entering as a vapor~liquid mixture at sbout 7 msec after start.
In the case of 4gHy, liquid injection in the liquid state is the
first detectable indication of fuel entry. NgH4 enters as r
discrete, cohesive stream with no evidence of vaporization
even at the low ambient pressures. In contrast, injected
atreans of Compound A, UDMR and MHF-5 spread out and vaporize
rapidiy upon injection even afier steady-state. liquid flowrates
have been established.

(C) Because of the lack of dependency upon presgure,
ignition delay is not significantly influenced by thrust chamber
configuration parameters (design chamber pressure, L¥*,
contraction ratio, etc.). Although configuratir. parameters
also do not strongly influence the time to re~ch 50% of steady-
satate chamber pressure, there is a trend toward longer times
with larger volume configurations aus might be expected. Mixture
ratio tests indicate slightly shorter ignition delays (1-2 rsec)
with fuel-rich mixture ratios than oxidizer-rich mixture ratios.
Propellant lead tests with Compound A/NpHs indicate that ignition
occurs rapidly ugor injection of (liquid) hydrazine regardless
of the state (vapor. mixture, or liquid) of the Compound A.

(C) Pbotographic and pressure ingtrumestation indicate
that ignition occurs at the injector with theee propellants
snd rapidly spreads to the nozzle end. Because of the short

‘ignition delays. the staxt transients were smooth without

evidence of the random, short duration, large amplitude spikes
characteristic of the NqoO4/hydrazine-type propellants.

(U) Thruct chasber tests with gaseous F,/H, also resulted

in very short ignition de’ays and nmooth pressure transients.
Ignition genarslly occurred within 1 msec of injection of both

~10-
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propellants and was not significantly influenced by thrust
chasber desiga parameters. As with Compound A/hydrazine-type
propellants, igaitica is net dependent .poa chamber pressuri-
gation prior to ignition. BExcept for propellant lead tests in:
which one valve was Jdeliberately delayed, ignition occurred
before aay detectable rise in chanber pressure due to propellant
entry occurred. lIgnition ocourred at the injector end of the
chanber and for configurations having long chamber lengths,
delays up to about 2.8 msec were rmesasured between start of

pr e rise at the isjector and rozxzle ends corresponding

to th npread of ignition through the chamber.

. Rise ti_as to 90% of steady-state chamber pressure
were generally less than 7.5 msec, averaging about 8.5 msec
for 80 in. L* canfigurations and about 4.3 msec for the 5 and
10 in. L* configurations. Contraction ratio or design chamber
pressure had little effect on the rise time.

: There was no indication of pressure spikes with rz/ng
in any of the tests.
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III
TASK 1 - MEASUREMENT OF REACTION RATE

A. Development of Mathematical Model of Hypergolic Ignitionm .

A mathematical model of hypergolic ignition in attitude
control engines in space is desirable for several reasons. A
model that takes into account the many processes involved can
provide not only design information for minimizing ignition
delays, but also it can give valuable insight into the pressure
spiking problem by defining quantitatively the conditions from
which pressure spikes result, i.e. the mass of the propellants
in the chamber at ignition, the fraction of the propellants in
the condenased phase, etc.

In the following sections, a mathematical model is described
ags well as the determinations of some of the quantities required

by the model.

The general approach followed in developing the model is
indicated in Figure 1. Since hypergolic ignition of RqO, -type
fuels is sensitive to pressure (Ref. 1), the pressure butld-up
in the chamber due to propellant vaporization must be determined.
Also required is an expression of the dependency of hypergolic
ignition delay on pressure, taking into account mixture ratio
and the reactivity of the specific propellant combination. The
intersection of the two curves in Figure 1 is taken to be the
ignition delay time in the engine at space conditions. Ignition
delay as usec here is that time which elapses between initial
eutry of the propellants into the thrust chamber and ignition,
i.e. emigsion of visible light accompanied by an increase in
pressure. A total igrnition delay time for a given attitude
control system is obtained by adding to the above ignition delay
period the time elapsed from valve signal to initial propellant
entry. Some corments regarding the latter as well as the
assumptions inherent in the ignition model indicated in Figure 1
will be given at tkhe appropriate points in the following sections.

The determination of the chamber pressurization curve due
to propellant vaporization will be discussed first. Subsequently,
the chemical kinetice aspect of the mathematical ncdql will be

covered in detail.

¢
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B. Thrust Chamber Pressurization Due to Propellant Vaporization

The problem under consideration in this section can be
described in general terms as follows. A propellant stream,
issuing from an injector orifice into the low pressure environ-
ment of the thrust chamber, forms a spray consisting of a great
many drops of various sizes. The drops undergo evaporation,
decrease in size, and cool. Evaporative cooling can bring a
drop's temperature to its freezing point. Subsequent vaporiza-
tion occurs at constant temperature while the fraction of the
drop that is frozeu increases unti) the drop becomes completely
frozen. Further evaporation can occur from the frozem drop
(sublimation), the drop temperature resuming its decline.

The evaporated gas raises the pressure in tﬁe chamber. The.
pressure at any time is influenced by the chamber geometry and
by the gas temperature, the latter in turn is related to the

drop temperatures. Some vapors pass through the noczzle and,
under certain conditions, vapors can condense on the thrust

chamber walls.

It is necessary, therefore, to determine the following
quantities, all as a function of time:

a) the evaporation from each drop in the system
b) the radius of each drop

c) the temperature of each drop

d) the fraction of each drop that is frozen

e) mass flow through the nozzle

f) mass of vapors that condense on the chahber walls
g) gas témpefature, and finally

h) gas pressure.

The starting point of the analysis is the work of Agosta and.

Kraus reported in Ref. 2. The present work was performed in
close cooperation with Dr. Agosta who served as consultant. For
the present program, their analysis was modified sGiuewnat and
additional features were added to it. Their basic equations
are reviewed first, and then the features that were added are
discussed. Finally, comparisons between theorz=tical and experi-

mental results are given.

-14-~



AFRPL-TR-65-257

The analysis takes into account the rate of propellant
injection, propellant evaporation and condensation (assuming
a Knudsen-Langnuir kinetic model}, thrust chamber geometry,
and propellant vapor efflux through the nozzle. In essence,
the pressure irn the chamber at any time is obtained from a
mass balance on the systenm.

Steady state calculations are made in successive time
intervals whick are taken sufficiently short that all properties
remain essentially constant during each time interval. The
solution proceeds from known initial conditions to calculated
new values of properties at the end of the first time interval.
The new values are taken as initial conditions for the second
time interval, etc. to conpletion.

1. Theory
a. Droplet Evaporation

The heart of the problem is droplet evaporation.
Based on the kinetic thecry of gases and the perfect gas law,
the amount of evaroration occurring in a finite time interval

is given by

/ M
Gevap™ (P (Td) - s('rs))"‘ Ry at 2"3;1.6 1)

The assumptions involved are:

1. The number of molecules leaving the liquid
~surface per unit time (when the ambient
pressure is below the liquid vapor pressure)
is the same as the number which impinge on
the same surface when the liquid is in
equilibrium with its vapor.

2. The gas evaporates at the same temperature
as the liquid drcp from which it is evolved.

3. The molecular weight of the vapor is the
same as the molecular weight of the liquid,
i.e. a non-disscciating propellant.

The propellant spray is represented mathematically

by a three drop-size model. The three drop sizes are obtained
by applying a logarithmiconormal distribution (with a specific

-]l
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l'/’
geometric standard deviation depending on the type of injector)
to & given meass medisan drop size and then selecting three radii
such that 30% of the weight flow is in drops of the smallest
radius, 40% in the intermediate size drops, and 30% in the
largest drops (Ref. 3). Thus there are three classes of drops,

1<1g 3.

. The continuous processes involved in the vapor
pressurization of the thrust chamber are treated mathematically
28 steady state processes in successive, very short time intervals.
Consequently, in each time interval, a new ensemble of drops
enters the thrust chambe. These undergo evaporation during
the time interval as do t.+ drop ensembles which entered the
chamber in previous time Zntervals. Therefore, in the first
time interval (N = 1), there is one drop ensemble (j = 1) which
' -conegists of three classes of drops (1 < i < 3). In the second
time interval (N = 2) there is not only the first ensemble
‘j = 1) which continues to evaporate, but also a second ensemble
(j = 2) which undergoes evaporation for the first time. This
second ensemble also consists of three classes of drops.
Therefore, there are s8ix classes of drops to consider in the
gecond timz interval, nine in the third interval, twelve in
the fourth interval, etc. Each class of drops has a unique
radius, temperature and frsction of the individual drops that is

froze:.

Each class of drops must be identified and this
is done by 1, j and N numbers which indicate the initial radius
of the drops when the class first entered the thrust chamber,
the time interval in which the class entered the thrust chamber
(or, in other words, the number of intervals the class has been
in the system) anc the time interval in question. Thus the
possible values of i, J and N are:

i=1, 20r 3

i=1,2,3--—-N

N=1,6 2, 3, 4, w=w-,
If N = 500, say, there are 500 drop ensembles (j-numbers) and
each ensemble consists of 3 classes of drops (i-numbers). There-
fore there are 1500 ssparate classes of drops to be accounted

for in the 500th time interval, each class having a unique radius.
temperature and cguslity X (see below).
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From equation (1), the mass evaporated from a
single diop in ons time interval is given by:

ia-n’n "
G, (ﬁ’e(ﬁu)..:"ﬁa)naf) ("u)u. STy Ry remt (2)

b. Tots]l Evaporation During One Time Interval

To determine the tota! mas=m evaporated from all
of the drops during one time interval, the total asurface ares
of all of the drops in the system must be known. The total
surfazce area depends, of course, on the aumber and radiue of
the dyops in each class.

For s mass-median drop eize, r;, of 73 microns
and & geoxetric standard deviation, o , ot 2 3 as glven in
Ret. 3 for an impinging streanm 1niects;, the initial radii of
tle three drop-size spray model are devermined tc oe:

30% of injectey mass in drops having rj = 83 x
10-8 ft

40% of injected mass in drops having rg = 250 x
10-8 £t

30% ofginjectad mas88 in drops having r3 = 720 x
0T It

The nuzber of drops in each of the three classes is obtained
from

whers Wl = 3 Wj

Wy Wo ~ .4 W (3)
@™ i3 A 2 J

i =

WS ~ 3 Wj

and Wy = v At, the mass of propeilant injected during one time
interval.

et e Mk a0 WYL ot e i bl B it
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Tou sumber of Yropw: tn sach aiund is tharcﬁbrc |
By = 13.51 x 1010 (\!3/ Py} ftor ry = 83 x 1078 £t

Bg = .61 x 1010 (W72} for rj = 280 x 10-6 £t ()

53 = .01¥ x 1910 W5/ P1) for r3 = 720 x 10~€ £t
Tﬁgzaatgl rﬁunar of drops injoctod in one time interval is

¥y =13 34 x 2010 Ny PY. (2)
" Tas totsl surfece sres of the drops in the iR class before
evaporation begins ie

,khtjc“ a~w rth -_mrf N @L/N;) (62)

?ko tﬂt 3 ﬁartace area of all the drops before evaporation is

Aﬁi An = 4N, L" (;13) t e (5‘ vy (Sf)] (6b)

TLk. total evaporation occurring from 11 of the
drops in the syctem in ome tiwe interval is obisined by expressing
M of aguation (1) by eguations {(8b), (5) ané (4), giving

Gu 'g i Gy =

%) W

‘2 gf’ln [% (‘nu)u; &(‘.')M]W ({:_ N1

" here Cy = 4N (g%)(m‘ QN;_’;—:

or C; = 8.09 x 1510
Cg ~ 0.443 x 1010
¢z ~ .0139 x 101

()
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Py(Td33)N-1 is the vapor pressurs corresponding to the tem-
perature of the 1D gize drop of the jth ensemble at the end
of the N-1 time interval. The density of the iiquid, #,, is
assuned constant.

c. Yapor Condensation on Chamber Walls

The mess of vapors condensing on the chamber
walls ig given by

1 M9e
G = [ps (1-3) - g,('l;,,)J« Ac at, /;“ :(.r’) o (8)

but with the constraint 0<Gy < +0C. Condensation on the wall
is considered only when P (Tg) > Py(Ty); that is, the conden-
sation term cannot have & negat;ve value thereby implying
svaporation.

d. Vapor Flow Throqgh Nozzle

The mags efflux through the nozzle during one time
intervial, for constant c and k for the gas, is given by

Mnoz (PS, Nl /Rh'g L ' (Kﬂ bty (9)

e, Yapor Mass in Chamber

The mass of vapor in the chaml :r at the end of
the N:D time 1.ter 2l is obtained from the perfect gas law

M [P
(me)n =R (?:' N (10)

L. Gas Temperature

The temperature of the gas in the chamber at the
end of the KR time interval is obtained by taking a mass weighted
aversge of the temperature, which includes the tempersture of
the gas generated du. to evaporation during the time interval
plus the temperature of the gas lefc¢ from the previous time
interval =minus the temperature of the gas which condenses op
the chamber walls and that which passes through the nozzle.

-19-

i,




ATRPL~-TR-68-287
Yor o bigﬂo apqcic system and & con-ttnt vapes heat capacity,
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8. Gas Pressure

A mass balanocs of the system yields the gas
pronlmro in the ohubor at the end of the time interval.

()ggl G;J) "m (G"') N (mnex )y = (me) - ("“c),‘-, 12)

The terms on the left harnd side are given by equations (7), (8),
aRgd (9) while the right hand side is equation (10) evaluated at
the end o! the N and -1 tims intervals.

The gas pruluro in the chamber at the end of the
WiR gime interval, Pg)y, is given by:

(@)-@) ]% - e

" - o W {r ﬁ-;ﬁtn | ™
S Lo Ruuhrnim),, | G e o

_“%Q(-TO)M f'gt(Twi} « Aoty / l::?Ts)u-s

o "M 3 5
= (&)ﬂ-{ A ot Nv/ RFS ’?@-4 K*!;
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SHee T ar . DI'OE Radii

o At the -4 of every time interval, new drop radii
* and drop temperaturss must be calculated to account for the
effect of evaporation during the time interval on the drop's

sixe and temperature. A mass balance on the drop together with

- equation (2) yields the new drop radius:
Vs
(rg)= (r __L_g T P N-J“ i / Mo ‘l (14)
2 ( \»a)u-c 2% R(Gus ) ua |

B W Drop Temperature and "Qualities'

The new dJdrop te-porature is obtaincd from an
anerzy balance on the drop.

% u)u"‘('ﬁ i __[_("24;)“' Po(Ta)uj_("lfm Re ‘tra, M9 s

A oy (ru)? Y arR(G )

Clearly the temperature within the drep is assumed
to be uniform. The heat of vaperization, Ae, the heat capacity
of the liguid, c,y, and the liquid density, A}, are assumed
constant. Valueg of thess quantities corresponding to the mid-
temparature of the range encocuntered are used.

’ At gome point, an evaporatively cooling drop can
arrive at its freezing poimt. Further evaporation of the drop
occurs at constant temperature during which time the fraction of
the drop that is frozen increazes. Thus, equstion {15) holds
until the freezing point is reached. Onco T4 4 equals Tpp,

then Tgy 13 remains constant as the drop frcox.% The fractior of
thes drop” that freenes i one time interval dus to evaporation

is gives by an smergy balance on the dror.

4

, . \3 (18
R G{.J As = l‘(t.’; N "3" ﬂ’ﬁi (“;J)N lg
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The s0lid fraction of the drop, that is its "quality", increaszses
in successive intervale until the drop is frozem solid. The
quality, xid, of a drop is given by

xli Silx % _G_Li_%___s._ Qan .
NeNgp | T Py T p

with the constraint that 0 < X;3 < 1.

The summation over successive time intervals for the drop in
question begins when the temperature of the drop, Tqj4, reaches
Tpp. The summation ends when the drop is completely Xrozen,
i.e. Xjj = 1. Gij in equation (17) is given by equation (2).

Once the drop is frozen solid, further evaporation
(sublimation) causes the temperature of the drop to decrease.
Equation (15), modified to reflect the solid state of the drop-
let, becomes applicable again.

] The above equations were programmed for a Control
Data G-20 computer. The time intervals, A ty, used in the
calculations ranged from 1 to 40 microseconds depending on the
particular propellant and motor geometry under consideration.
In general, the faster the pressure rise in the thrust chamber,
the smaller the time interval required. The actual criterion
for the length of the time interval is that the change in
properties during each time interval, i.e. drop radius, drop
temperature, etc., be kept saall enough so that the properties
carn be considered constant during the time interval. New values
are calculated at the end of each time interval and theae are
used for the next interval, etc. to completion of the calculation.

. The equations are uased to calculate in each
time interval the ges pressure, the gas temperature, and a new
radius and temperature for: each drop in the system. Since
the injected propellant stream is represented by three drop
sizes, the number of classes of drops increases by three in
oach successive time interval. Each class of drops has a ‘e
unique radius, temperature and drop "quality" X. In the 100ih
time interval, say, there are 300 drop radii, 300 drop tempera-
tures, and 300 drop "qualities" to be accounted for. The .,
changes in the values of each of these must be calculated to
obtain the gas pressure at the end of tbe 1018t time interval.
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3. Results and Discussion

The preceding equationa were solved to determine the
pressurd® history in a thrust chambexr due to vaporization of
carbon tetrachloride. CCl4 was seledted because thes many
physicel properties, especiially accommodation coefficient,
required in the computer program are known for this substance.
Corresponding properties for mcdern propellants such as NgO4
and Compaund A are often unknown at present or of obvicus.y
uncertain precision. Thus, the model for chamber pressurization
due to propellant vaporization was developed and checked
experimentally using CCl4 as the working fluid. The vapor
pressure of CClg is very similar to that of the 50-50 blend of
NoH4-UDMR for the range ¢f temperatures encountered.

a. Gas Temperature History

The initial calculations showed that the vapor
temperature in the thrust chamber dec—eases initially as the
chamber pressure increases but after .. few milliseconds (de-
pending on motor geometry and the propellant properties) the
vapor temperature reaches a minimum and thereafter gradually
rises until steady-state conditions are reached (Figure 2).

The initial cooling is the result of evaporation
from drops which have already undergone some evaporative cooling.
The minimum in the gas temperature history occurs because the
evaporation from the ccldest drops is more strongly dimirished
by the rising chamber pressure than the evaporation from t..e
warner (newer) drops. A point is reached at which the net
productiva of cold vapors equals the net produciion of warm
vapors and 8¢ the gas texperature rexkains unchanged.

The gas temperature subsequently increases gradually
as 3 consequence of the rising gas pressure which first diminishes,
then stops, and finally causes "negative evaporatioa” (2 it
coader drops. The temperature inversion is of interest becaul:
it occura generally during typical ignition delay tixes. The
cooler gas temperatures would tend to l=zngthen ignition delay=s
due to the effoct of tempsrature on resction rates.

B. Droplet Condenasstion

Condensation »f the vapors was found to occur on
drops which have undergone substantial evaporstive cooling. The
condensation results when the gas pressure in the chamber exczeds

-23-
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the vapor pressure of the cold drop, see equation (1) or (2).
An illustration of condensation on a cold drop is given in

Table I.

TABLE I
EXAMPLE OF CONDENSATION ON A COLD DROP (CClg #R)

Time Drop Radius Drop Temp. Drop V.P. Chamber Pressure
msec x 10-b ft oR mmHg mmHg
2.80 674.907 450.00%* 8.291 6.804
3.20 674.550 450.00% 8.291 7.680
3.60 674.495 450.02 8.298 8.484
4.00 674.674 450.44 8.416 9.224
4.40 675.051 451.31 8.671 9.913

*Drop is partially frozen.

The drop under consideration in Table I had a
radius of 720 x 10-6 ft when it entered the system which was at
time zero. It is one of the i = 3 class of drops, the largest
drops of the three drop-size spray model., After 2.80 msec, the
drop radius has decreased to the value shown and its temperature
has reached the freezing point. The drop is not frozen solid as
yet but is only partially frozen. At this time the chamber
pressure is still below the vapor pressure of the drop. During
the next 0.40 msec, the drop continues to undergo evaporation
(radius decreases further) since the gas pressure (column 5) is
still less than the drop's vapor pressure (column 4). During
this time the fraction of the drop that is frozen increases,
the drop temperature remaining at the freezing point value.

At 3.60 msec, the chamber pressure has increased
to a value greater than the drop's vapor pressure thereby
causing condensation onto the drop. The drop's temperature has
increased to 450.02°F indicating that the condensation ernergy
absorbed by the drop not only melted the frozen fraction of the
drop but also raised slightly the temperature of the all-liquid
drop. Although the condensation increased the mass of the drop,

-25-
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ﬁ
the met eff ct over the 0.40 msec period is = facreased radius
dus to the cvaporation which occurred durinz the first part of
the period, i{.e¢. until the gas pressure gqualled tae drop's
vapor pressure. During tire next 0.45 asec period, thax is at
4.00 usec, condensatios on the drap ceatinuod (ceiumt 5 va.
colunn 4). The temperaturs of the liguid drop increased as did
the sise of the drop. Furikter condensation occurred duriug the
last isterval listed iz ths table as tho gas pressure continued
to be grsater ‘han the vapor pressure of the drop.

c. YVapor-Drop Enirgy Transfer

The ossibility of heat transfer betwean the
v"por and the drops ix not accounted for by the equations
given previously. Ir the case of CCly, the temperature differ-
ence -etwee: thy ware vapors asnd the coldest drops can be as
»<-~. 28 75°F. VWith such a driving force, one would expect the
drops to be warmed and the vapors cooled to scme extent,

The env:gy reaching the surface of a drop during
sne tirm: interval is. according (< ref. 3:

Y SEu=ATh{ry 2 St~ (i |
[ %
waers f =z o X - m_.,.._{- (19;
e* At hoat, (r)T
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The effect of irciudiang vapor-droplet heat
transfar on chamber presmsure and tempersture ir slight as in-
dicated in the firet two lines of Table Ii.

TABLE II
CHAKBEE PRESSURE AND TEMPERATURE AT t = 10.0 MSEC
| %
OR
1€.368 517 Ko heat transfer (CCLg #L)?
18.685 515 Hest transfer included (CCl; #R)
16.983 814 Heat trensfer inciuded,:.00 masc residence
' time (CClyg #8)
17.1é0 513 Heat tresngfer included,3.38 msec resideace
time (201, #T)

As expacted, the gas temperaturs is lower whua
haat traanafisr to the cold drope i< included. The changes iz smsll
hovever., The higher gas pressure reasuliz frop the drops which
are alightly warmer due it~ ithe heat tramnsfer and sc the drops
¥yaporles slightly more mass in suscesding time intorvals. “he
inersased ms9® of vapor more than cifsets the gas temperature
sffset Oon chamber pressure, -t ihe net change in the latter
ia small.

=R Drop Reeidence Time

The gguations discussed to thie poist put ne
Iiwit 7 the lifetime of ithe dropg in the system. Ip realityw,
the iifevime of the drops is Yiniie, the drops pass theough
ihs nomsle after scme aori of rezidence itime. Therwfors, @
segldence time iimitatlion was lncluded in the progra® Yo
residonce time uaed 1w Jdefinsd sisgly as the sversgs lime ra-
guired for a drop o travel frem ine inljectory o 8 chambsy wail
TRRAVEL L2 3T 8 conclar® veioeclty sgual e the injroli.on velacliy.

S e L T ek A M ) $ED S D D D % oty £ 2D S L e Ly

*(C1ly &L, #5, #3. etc. designate computer riu aumb.. 3
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Despite the sliort residence times to which the model leads,
1-1/2 to 5-1/2 msec typicaliy depending on wmotor geometry and
injection velocity, the effect on chamber pressure is very
small., A comparison of the second and third lines of Table II
gshows the extent of the effect. An arbitrary reduction of the
residence time from 5 .to 3.36 msec (fourth line of Table II)
shows again the smallress 3L the iresidence time effect.

" Drop temperature histories show that once a drop
has been in the system for one residence time pericsd, its
temperature is suck tkzg i1z v2por pressure is not very different
iium the gas pressure prevailing at that time. Thus, in accor-
dance with equation (1) or (2), the amount of evaporation (or
condensation) from thxzt point onward is relatively small.

Teble II shows that the residence time limitation
causes a slightly higher chamber pressure and a slightly lower
gas temperature. These effects result because some of the
vapor condensation onto the cold drops is stopped. Thus, some-
what more gas at 1ow temperatures is in the chamber than would

otherwise be the case.

e. RBffect of Drop Sizes

S ‘The initial radii of injected drops for the

three drop-size spray model are derived from a given mass-
median drop size as outlined previously. The mass-median drop
sige used initislly in the calculations was 75 microns, based
on the work of Priem and Eeidman (Ref. 3) who cite investiga-
tions of the spray characteristics of liquid streams emerging.
into an environment in which the pressure was substantially
above the vapor pressure of the liquid. At ambient pressures
well below the vapor pressure of the liquid, one would expect
additional dispersive forces to be operative resulting in
smaller drops on the average. :

: i A number of short duration (approx. 10 micro-
second) exposures, with a magnification of 2X, was taken of
streana of various propellants issuing from an injector orifice
into a’ low pressure environment. Exposures were made at various
pressures from one atmosphere to 1 mm Hg, using a General Radio
. .Company High Speed -Btroboscope, Type No. 1533-A, in the single
pulse mode. A Bausch & Lomb 7-1/8" coated F/6.8 Proto VIIa lens
permitted magnification of the object. The exposures were
recorded on'Polaroid, Type 57, 300 speed, 4 x 5 film. The
streams are hack-lighted, a diffuser being used between the
stream and the light source. The direction of stream flow was

vertically upward.

=30~
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A strong effect of ambient pressure on the
aprays resulting from CClg 1iquid injection is shown in the
pictures of Figure 3. At high ambient pressures, 100 =m Hg
acd above, the relatively low velocity stream is coherent
for the two-inca stream length viewed. At 95 mm Hg, which
18 the vapor pressure of CCly at 71°F, = vapor bubble in the
straam appearg to have "exploded"”. At somewbit lower smbient
pressures, the "bubble explcsions" are more numexous and liguid
ligaments appear. At still lower pressures, the ligaments
are gmaller as are tne drops on the average. At 10 and 1 mw Hg,
the ligaments are short lived and many of the droplets approach
the limit of resolution in the pictures which is about 50 microns
in dismeter.

Similar picturss for UDMH sprays at various
ambieat pressures are given in Figure 4. The liquid injection
veloeity of the streams in Figure 4 for UDMH is nearly the
zams 288 in Figure 3 for 0014,

Obvious similaritiss exist between the UDMH
streame and the CCl; streams. In both cases the straazms are
coherent &t the high amblent pressures arnd "exploding bubbles”
- first appear when the ambisut pressurse is ouly sllightly helow
the vapor pressure of the liquid (vaper pressura of UDMH at
*19F is 130 mm Hg). .t lowor pressuves, slight differences ave
noted buiy these differences are in degree only. UDMH sopeaxs
to form liquid ligaments more readily than CCl4;: and, or the
gverage, the UDMH droplets at{ the lowest ambient preusures are
somévhat Cmaller than (ke corresponding CCly droplcts. This
is due, &t least pariially, to the grester evaporatiorn rate of
UL¥HE which resulits from its somewhat greater volstility.

The effect on spray characteristics of higher
flowrsates o2 UDHY through the same injector orifice is shown
in Figure 5 for an ambient preassure of 140 mm Hg {(slightly
akove ths vapor pressure of UDMH) and in Figurxe & for sn ambisnt
pressure of 1 mm Hg. At the higher ambient presaure the higher
2igwrates, which give a2 higher injeciion veiocity, lead to
greater bresi-up of *the atresm. At the log ambisnt pressure,
howevar, any diffexences betwesn thes sprays Irom the varicus
flowrates are much less obvious. The degree of stresking in
the plcetuvres by the droplets incregses with injection veloeity
but the drop sizes (width of streak) appesrr rounghlry sim!lar
in ail four pictures. The disiance to eszentlally coapiste
atream Wrenk-up is sffacted only siightly by the lajection
veliocity, or asss flowrzte. Assuming the drops travel a° a2
~guStany veloclity segual to the injection velociiy, break~up
¢y tha 8irszzs 1l coppgiste in less than g millisecond.
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Yor comparative purposes, similar spray pictures
of ¥a0 are reproduced from Ref. 1 in Figures 7 and 8. The mass
flowrate is the seme in all six pictures. The differsnt
injection velocities irn the two figures are obtained by different
injector orifice dismeter:. Again, the stroang effect of ambient
pressure is obvious. Since flowrate is constant in Pigures 7
and 8, the effect of injection veiocity alone on stream bresk-
up time can be discerned. In the high velc:ity case, stream
break-up is complete in 1/3 msec at an ambient pressure of
100 mm Hg. In the low velocity case, the stream break-up time
jia sbout 1.5 maec at 40 mm Hs ambient pressure.

A compiete, quantitative drop size caistribution
cannot be determined from the photographs; nevertheleass seni-
qgquantitative information can be glsaned by counting the re-
solved drops srd wesauripg their diameters at successive ssc-
tions of the mpray.

Analysis of the picturss of the low pressure
CCl4 sprays indicates thet the actual mzas-median drop size
ig lems than the 75 wicren radius initially sesumed for the
sprays in the computer program. How much less could not Ue
determined. Fevertheless, the effect of drop size on pressuri-
gation of a thrust chamber wag determined by a calcuilation using
gpalier drop sises., The mass-median drop size was arbitrarily
roduced from the original 78 micron radius to a 50 micron
radius. New rauii for the three drop-size spray model used in
the computer prosram wére ~omputed, agair using the logarith-
wicenormel distribution, the same ge:metric standard deviation,
and agaiv selscting three radii such that 30% of the weight
flow exists in drops of the smallest radius, 0% of the wsight
flow in drope of the intermediate > :dius and the remaining 30%
in drops of the largest radius. The resulting radii ave given
in Table IITI together with the radii derived from the 75 micron
mass-median drop size used initially.

Tomputer calculaticns were masde using each of
the sets of radi! in Table 1II to represent the spray. The
calcululed pressurs curves for esach caze are given in Figure ¢
As sxpected, the apray consisting of the smslier dropas yields
the blgher prescures dus to the increassd rRurface arsa re-
sulting from the greater number of dropz. A comppasating
affa.t o¢n chamber pressure, howsvesr, s tiast due to t. > highsr
mags fraciion initially evaporsisc frow ths masller dropw,
thelr temperature ig lower in succeeding time intervala, The
lowar temperature causzsx 3 relatively lesser amount of evapora
tion iw sucoeeting intervels. 4z s result, the surfesce area

34 ~
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For comparative purposes, similar spray pictures
cf HeUy4 are rsproduced from Ref. 1 in Figures 7 and 8. The mass
flowrate is the seme in all six pictures. The different
iajection velocities in the two figures are obtained by different
injector orifice diamesters. Again, the strong effect of ambient
rressure is obvious. Since flowrate is constant in Figures 7
and 8, the effect of injection velocity alone on stream break-
up times can be discerned. In the high velocity case, stream
break-up is complete in 1/3 mcec at an ambient pressure of
100 =m Hg. In the low velocity casz, the stream break-up time
is about 1.5 msec at 40 mm Hg ambient pressure.

A complete, quantitative drop size distribution
cannot be determined from the photographs; nevertheless semi-
cuantitative informeticn can be gleaned by counting the re-
cglved drope and measuring their diameters at successive sec-

tions of the spray.

Analysie of the pictures of the low pressure
CCl4 sprays indicates that the actual mass-median drop size
is less than the 75 micron radius initially assumed for the
sprays in the computer program. How much less could not be
determined. Nevertheless, the effsct of drop size on pressuri-
zation of a thrust chamber was determined by & calculation using
amaller drop sizes. The mass-median drop size was arbitrarily
reduced from the original 75 micron radius to a 50 micron
radius. New radii for the three drop-size spray model used in
the computer prograrm were computed, again using the logarith-
niconormal distribution, the same geometric standard deviation,
and again selecting three radii such that 30% of the weight
flow exists in drops of the smallest radius, 40% of the weight
flow in drops of the intermediate radius and the remaining 30%
in drops of the largest radius. The resultirc -5iii are given
in Table III together wii: e radii derived from the 75 micron

U2 mossan diop s8ize used initially.

Computer calculations were made using each of
the sets of radii in Table III to represent the spray. The
calculated pressure curves for each case are given in Figure 9.
As expected, the spray consisting of the smaller drops yields
the higher pressureg due to the increased surface area re-
sulting from the greater number of drops. A compensating
effect on chambher pressure, however, is thzt due to the higher
mass fraction initially evaporated from the smaller drups,
their temperature is lower in succeeding time intervals. The
lower temperature causes a relatively lesser amount of evapora-
tion in succeeding intervals. As a result, the surface area

32 -
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Pigure 5.

Fully Developed UDMH Flow at Various Liquid
Ambient Pressure = 140 mm Hg,

Orifice = 0.021 in. dia. x 0.042 in. long,

Injection Velocities.

Velocity,

ft/sec

40

60

80

100

Ambient Temperature, Magnification 2X,

-38~

Flowrate
1b/sec

0.0055

0.0083

0.0110

0.0138
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Velocity, Flowrate

ft/sec 1b/s2C
40 0.0055
60 0.0083
80 0.0110Q
160 0.0138

Figure 6. Fully Developed UDMH Flow at Various Liquid
Injection Velocitiea. Amblent Pressure = 1 mm Hg,
Orifice = 0.021 in. dia. x 0.042 in. long,
Ambient Temperature, Magnification 2X.
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(a) 750 mn Hg

(c) 100 mm Hg

Fully Deoveloped Fol4 Flow at various
Ambient Pressures. Licuid Injection Velocity =
110 ft/sec, Flowrate = 0,030 lb/sec, Orifice =

0.024 in, die, x ©.048 in. long, Ambient Tempera-
ture, Magnification 1.8X.
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Figure 8. Ful’'y Developed N204 Flow at Various Ambient
Preggures. Liquid Injection Velocity = 11 ft/sec,
Flowrate ~ 0.030 1u/sec, Orifice = 0.073 in. dia.

x 0.146 in. long, Ambient Temperature, }
Msonification 1,8X, -
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increasns duys Lo The ssaller drop slres w8 psritaliy offsev by
somewhat lower drap teapecatures. The net effect of the
gmaller drop slzes on chambey pressurization is rather small.

TABLE Y11

DROF SIZES USED IN THE COMPUTER PROGEAM
TO TEPRESENT THE INJECTED PROPLLLANT UPRAV

Eass—!e@ian ﬁ Ra;;; <

%%EL =2 mic%b:?%c t ===
75 83 250 720
50 58.3 171 384

Figure ¢ shows tha:. the absolute pressure
diff=rence between the two curves increases with pressure.
However, the percentage pressure difrerence igs found to be
nearly constant bevond about 3 msec. The constant nev-an-
tage increase in pressure is azbout 7% for the 20% reduction
in mass-median drop size. Due tc the uncertainties in actual
drop sizes for propellant streams issuing into a.low pressure
environment, it is comforting to find that the ‘influence of
spray drop sizes on chamber pressurization is quite small.

f. Effect of Accompmodation Coefficient

Oversimplified, the accommodation coefficient
may L2 considered as a measure of the ease with which a molecule
of a substance evaporates from or condenses on a liquid surface
of that specie. The dccommodation coefficient is unknown
generally for modern hvpergolic propellants as well as for
pany commois liquids. Furthermore, it is a property extremely
difficult to measure.

To determine the importance of accommodation
coefficient on chamber pressurization, calculations ware wade
with CCl4 as propellant but with two values for its accom-
modation coefficient, « . The recognized value of unity for
CCl, was used in one calculation and then it was arbitrarily
rediced to one-half for a second calculation. All other
inputs were kept the same in the two computer runs. The
resulting chamber pressure curves are given in Fizure 10.
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Az in the case o0f the drop g8izes, the affect
of accommodaivion coefficient on chamber presgsurization is
guite emall. Again, the absolute pressure difference increases
wiih pressur; but, here, the percentage pressure dirference
gradually decreases as the chamber pressure increases. At 2
msec, the vressure corresponding te the lower accommodation
coefficient ( O = $.5) is z21moat 17% below che pressure for
the & = 1.0 case. The difference diminisnes to about 1i%
at 4.00 msec, and to less thau i0% =t 6.00 msec for the 50%
reduction in o .

Initially, the amount of vaporization of a
g.ven size drop when &« = 1.0 is twice that for & = 1/2.
Ti:is factor is not maintained, however, since the drop with the
lower & ig cooled to a lesser €xtent due to tlle lesser amount
of evaporation. Thus, in the second time ‘.terval, the drop
with & = 1/2 is warmer than the drop with o = 1.0 and
therefore (by eguztizsz 1 5r 2) the mass evaporeted in the zecczd
time-interval by the drop with & = 1/2 is more tha.. one-half
the mass e—-aporated by the © = 1.0 drop. Consegqucnily, the
direct effect of a low accommodation coefficient is partially
offser vy {h2 conseguent siower drop-cooling rate. The net efrect
3n chamber pressurizaiicn if much less tnan linear. Again, due
to vthe conaiderable uncertainties ia z2-tval accommodation
coefficients, it is fortunate that its effect vis ~hamber pres-
surization is rather small,.

. Thrust Chamber VWall Fffects

An experimental chambsar pressurization curve was
measured using bigh response Eistier piczoeleatric pressure
transducers. Tne experimental conditions zre as follows (CClg
Test #16-19):

Propeilant CCy

Design P., pFia 260

A%, aa. iu. 5.137

L*, inch 12.3
Coryvrrction vratio 8.0

injector 4-5z% doublet

Fisw passage Guiside holes
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Orifice diameter (4), inch 0.025
Flowrate, 1lb /sec 0.0816
Flow control . Cavitating venturi
Liquid injection velocity,
ft/sec 60.7
Injector volume, cu. in. 0.0077

Initial system temperature,®R 530

Initial ambient pressure, mmHg 1

Carbon tetrachloride was used to check experi-
mentally the theoretical chamber pressurization model because
of its known accommodation coefficient and other properties
required in the computer program. The CCly mass flowrate is
approximately one-half the tctal mams flow of N 04/UDMH which
generates 50 1lbs. thrust in the same engine. as -acting
electric venturi valves, which attach directly to the injector,
were used (see Section VA2).

The experimental chamber pressure curve for CCl
is given in Figure 11 together with several calculated pressure
curves based on the same engine and CCl4 flow. The times for
the experimental curve are measured from the first indication
on the oscilloscope record of a pressure rise in the thrust
chamber. The time from valve signal to propellant entry is
obviously not included.

The drop sizes used in the calculations are
those given in Table 1III for a mass-median drop size of 50
microns. The residence time limitation for the lifetime of
the drnps in the system is included in the computer runs as is
heat transfer between the vapor and the drops. . Also, the
aprpropriate accommodation coefficient (unity) is used. The
calculated pressure cu.ve under these conditions is given in
Pigure lla; it is labeled "no wall heating". ~For the first
1-1/2 msec, agreement betwecn the calculated and experimental .
curves is considared satisfactory; beyond that time agrecment
iz clearly inadequate.
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Acraeling to the definition of residence time
given previously (i~ zverage time for a drop traveling at the
injection velocity {uv reach the chamber wall), the residence
time for the case under consideration is 1.4 msec. Drops that
have been in the system for this length of time have cooled
substantially; in the present case, after 1.4 msec of flow, tha
temperature difference between the first drops that entered the
system and the chamber wall ranges from 50 to 70°F for the three
classes of dropx. This driving force leads to heating of the
drops when they impinge on the chamber walls, the extent of the
heating depending on several factcrs. Two cases are considered.

In one case, the drops are brought immediately
to the chamber wall temperature once they have been in the
system for one residence time period. The drops then continue
to undergo evaporation for a second residence time period, at
the end of which ihe drops are made iractive. This model cf
heat a:)Jdition to the drop-gas system crudely simulates the
following. A drop undergoes evaporation during the time required
for it to travel to the chamber wall. When the drop strikes
the chamrber vwall, the drop is warmed to the wall temperature and
then bounces off the wall back into the thrust chamber where it
undergoee further evaporation. Evaporation continues for another
residence time period, at which time the drop passes through
the nozzle. The chamber wall is considered an infinite heat
source and an infinite heat transfer rate from the wall to the

drop is implied.

The chamber pressurization curve calculated for
these conditions is given in Figure lla and is labeled "wall
heating once'". This curve coincides initially with the '"no
wall heating'" curve. Once the first drops to enter the system
reach the chamber walls (1.4 msec), the two pressure curves
begin to diverge because of the greater evaporation from the
"heated'drops. The ensuing difference between the two calcu-
lated curves is a measure of the amount »f heat added to the
vapor-drop system by the chamber walls. Agreement between the
axperimental and calculated curves is improved substantially.

The second case of heat addition considered
simulates drops sticking to the chamber walls rather than
bouncing off the walls after being heated. In this case, the
drops are again brought to the wall temperature once they
strike the wall. But here the drop temperatures are maintained
at the wall temperature while the drops undergo continued
vaporization until their radii decrease to one-tenth their
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initial values (99.9% of the masas of the original drop evayor-

ates). However, since the vaporization is kinetically con-

trolled, this case is not the same as assuming complete .
vaporization, as will be shown in the following section. Inm

the calculation, the shape of the drop is maintsined sphericsl,

that is, although the drop stigku to the wall, the shape of

the ﬁrop is not altered.

The chamber pressurization curve calculated
for the condition of 'constant wall heating” is al2c given ia
Figure 11la and is lsbeled as such. Clearly the experimental
curve is surrounded by the two calculated csres of heat addition -
to the system. One concludes, therefore, that despite the
. rather akort times involved during chamber preasurization due
to propellant vaporizatior, the vapsr-drop systen ic nca-
adiabatic, Additional experimental evidence verifies quaii-
tatively this conclusion. With a Plexiglas chamber and
! staisless steel nozzle precoocled with dry ice, tke x-essure
; , ia the chamber rose ddring the firet residence tine pariocd
cnly \
' A caleng:tion waz atde ln which the diops were
hiougnt to‘the wall temperature twice, unce after the first
residerce tixs poriod sad zgzin after & second regidonce time
] period. Zvapdratior contisued for a thisd rosicance time
] perisd at the end of which the drops were made inactive. The
calculigted curve is given in Figure iln together with the
experimental curve given in Figure 1la. The good axr<ement
beteeen the curves (i0%) is s meamure of the amount of heat
addition to the vapor-drop systen and itz time dependoncy.
However, this mode™ of heat addition im of course unrsalistiz
[ sirce sont pplattering of the drops would result whean they
‘ sivike & wall, some ¢f the liguid mesg sticking to the wall
and some bouncing off with very little heating.

h. Summary of Valuen-Steady Stste Pressarc and
- Tempe rature

A ccmparlson of ateady state values cslculated
for CCly according to varions models of chapter presswization
is given ia Table IV, An experimentil valus of the steady
statc chamder precsure resulting from CCly veperizatioa i the
engine under considerstion is included alss.

‘ Best agree-ant with the experimental valae of
chanber protsure is obiained with the "wall heating twice®
model giver abdbove.
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.The lowest calculated value of steady atate
chamber pressure results from a model in which the temperature
w§{ the system (both vapor and condensed phases) is assumed to
be thet temperature which gives a vapor pressure equal to the
gas pressure in the chamber. That is, phase equilibrium pre-
valls in an adiabatic system. Eguations 3 through 6 of Refer- -
énce 1 wers used. :

If one assumes complete vaporization of the
propellant in effect a gaseous feed, very high steady state
chamber pressures result, the values depending somewhat on
the assumed temperature. This model is very different from
the computer calculated case for constant wall heating of
the dreps, once they strike the chamber wall. The latter
model is kineticaily controlled which results, in the present
case, in only 15% of the propellant flow being vaporized,
a8 given in the table.

Ip sumansry, the model which best predicts thrust
chamber pressurization due to propellant vaporization is the
moG31 discussed herein wnich is based on physical kiaetics
and & non-adiabatic system. For two prinicpal reasons,

Lowever, the model a5 it presantly exists is not complete
The first reazon is that the heat addition aspect needs to
be made general. Secondly, a comparison between experimental
and ~slculsied preasure curves for considerably rore volatile
propeiiants such as N204 and Coupound A shows that a finite
time is reguired for the flow, once initiated, tu build up to
the full flowrate. BSubstantial "flashing" of these propeliants
cccurs within the injector voiume upon propellant valve opening.
Therefore only vapors emerge from the injector initially, then
vapor-liquid mixture, and fisally all-liquid fiow is achieved.
During the vapor and vapor-liquid periods of flow. the mass
flowrate is substantially below the full, nominal flowrate.
Consequently the pressure in t : chamber rises more slowly than
would be the case without *he vapor and two-phase flow condjtion.

C. Reaction Kinetics

The prediction of ignition gelays in hypergolic systems
necesg’ tates an accurate knowledge of the rate constantis of
the reaction leading to ignition. A first step toward this
goa’ is the determimation of the overall reaction rate as a
function of tie concentrations of resctants and temperature.
A second step is to dssess the exact mechanism of resction.
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-This part of the report describes the progress which has
been accomplished toward the solution of these two problems.
It is organized as follows. First a background of thermal
explosion theories with regard toc their use for the deter-
nination of reaction kinetica is presented. These cousidera-
tions are fcllowed by a description of the experimental
apperatus and procedure. A folloving section analyzes the
experimental data and then the experimental results are
discussed, including our present knowledge ~? a product that
is formed Ly preignition reactions of 3204/hzﬂ4-type fuels.

1. Theory of Thermal Explosicns

Thermal explosions may be expected to develop in s
reacting system whenever the heat liberated from exothermic
reactions exceeds the rate of heat dissipation by conduction
or by convection. Because of the exponential dependence of
the reaction rate on temperature, the rate increases rapidly
as tkz tempersture rises until an explosior results.

The quantitative mathematical treatment of thermal
explosiong has been developed mainly by Semenoff (Ref. 4),
Todes (Ref. 5), Frank-Kamenetskii (Ref. 6), Rice (Ref. 7),
Chambre (Ref. 8), and Thomas (Ref. 9, 10). The progress in
the theory has consisted mainly of finding methods of inte-
gration of the differentiesl heat equation which governs the
process. A good review of the use of explosion limit
phenomena’ for elucidation of reaction mechanism is given by
¥. Roth and D. Scheer (Ref. 1l1) in the Advances in Chemistry
Series of the A.C.8. ’

Two questions are genurally considered in the theory.
The first is to find the so called critical conditicns for
ignition. Th!’s aspect of the theory does not consider the time
variable. All one is concerned with is the minimum values of
the parameters, (pressure, concentrations, temperature, charac-
teristic longth) above which an explosion develops. This
problem is relatively simple and has been solved analytically
for a number of copfigurations (slab, cylinder, snd sphere).
As will be seen, the n~ritical conditions for ignition (or
explosion limits) may serve to determine the global kinetic
lactors of the reaction.

The second guestion concerns the time interval which
elapses prior to the development of a thermal explosion. This
orablen i8 more complex and snalytiosl solutions are kmown only
ior the csi2 of a reaction of sero order. A numsrical solution
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has been given by Rice (Ref. 7) in the case of a first order
reaction. No attempt to treat the case of reactions of higher

order has ever been made.

' In the following, we.will be coucerned only with
the explosion limits. VWe will discuss their use for the
establishment of reaction kinetics.

a. Explosion Limits

Let us consider a reactive mixture contained
in a closed vessel of constant wall temperature T,. In this
case the transfer of heat is only by conduction as convection
currents are assumed to be negligible. The appropriate equation
for thermal balance between the heat generated by the chemical
reaction and heat conducted away is then:

AVZT = -QW (29)
where
3 . thermal conductivity of mixture (cal sec'lcm‘1°x'1)
T = gas temperature (°K)
Q = heat of reaction (csl mole~l)
w - reaction velocity (mole sec‘lcm'3)

V2 = Laplacien operator (cm~2)

¥e have now to find a solution of (29) under the
given boundary conditions. As long as such a solution exists,
the systém is stable. The value of theparameters at which such
a solution becorss imposdible is then taken ais a condition
of infladmstion. PFor & wide class of reactions, one may write
the Arrhéfilus reaction rate expréssion as

W(cg, cpy T) = A cy " cp " exp (- gT ) (30)

whore c_ and cj are concentrations of reactants A and B
reipédt!vbly. E is the @nergy of activction (cal nole'i) and A
is the so-called frequency factor. As a first approximation
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we will consider A ag conetani*. The symbols m and n are the
partial ordere reiative to A and B,respectively. By definition
the total order cf reaction,N,is N = m + n.

Substituting expression (30) for W in equation
{22} (L@ ihesamasl Lalmunce equation becomes:
m n -E
Ver - -»% Acg ¢y exp (gm ) (31)
Analyticai solutions of equation (31) can be found if the two
following approximations are made.

1) The exponent in the term e~E/RT 44 expanded
as first proposec by Todes in a power series (T-T,)/T, (where T,

is the wall temperature) and powers higher than one are neglected.

The following expression results: .

E_=-E [1-TT,
RT RTB —T;-

It is worthwhile to note, sin~= the expansion
is valid only for values of T/T, close to unity, that Todes
approximation impiies RTy/g << 1.

2) The concentrations of reactants are assumed
to vary only aiightly durin, the inductior period so that the
effective concentration of A and B at the ignition point may be
approximated with the initial concentrations c,, and cy, ,
respectively.

Under the above assumptions it has been shown
first by Frank-Kamenetskii that the criterion for thermal igni-
tion is:

2 n n B
. 8 E r‘ ca0 Cpo A exp (- —)
* Strictly sperking A ia only ccnstant in the case of a

reaction of the first order. When the order of reaction
is superior to one, A is a weak function of tempsarature.

-88 -
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Expressing cgo and Cho in terms of totzal
pressure, P, and initial mole fractions Xa0 and Xpo of A and
B,

P

nae = vPQ,e P

[ o4 = [ (A o= ———————
) v RTe = Xo.e RT’ and bo Xb, R,
where

ngo = 1initial moles of A in the vessel

v - volume of vessel

Peo ° partial pressure of A

Ppo = partial pressure of B

Substituting these values of cao 2nd Cpo in (32) gives:

. Q E 2 y™ n (P _E
5-2 E5 2 X0 XL (R.,.j Aexe ((Ex) o

_ , In this expression r is a characteristic length
and & 1is a non-dimensional constant. The numerical value of
§ depends on the geometry of the vessel and has the value of
1, 2 and 3.32 in the case of a slab, cylinder and sphere,

respectively.

b. Determination of Reaction Kinetics from Explo-
slon Limits

' Equation (33) is the basic equation used for
the determination of reaction kinetics from explosion limits
data. In the following sections three categories of explosion
1imit data, depending on the parameter which is maintained
constant, are considered.

i. Overall Order of Reaction, N

I1f the temperature and composition of
the mixture are maintained corstant and the vessel diameter
is varied, equation (33) can be written in the form
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Pni'"" 'f.““ R“ﬂ § A exp (&z = constant

EQA X Xoo

(34)
- : * . e el
or Ini - *?Qanuﬁﬁ CunsLant

Thus, a plot of 1n Pvs 1n r yields a straight line from whose
slope one can determine N, the overall order of reaction.

ii1. Partial Orders of Reaction, n and =

If the temperature and reacior size are
maintained constant and the composition is varied, equation (33)
can be written as

PN - congTant

X, XL
NeR N
with constantl » In_ R™ 6 A exe %;)
EQArs

It can easily be shown that the pressure limit has a minimum
for & value of Xy, equal to B, allowing 2 determination of the
partial orders m and n if th#total order of reaction, N, is
known.

i14. Activation Rperov, E

Std 1

If the composition and the —eactor size are
maintained constant and the intial temperature, T,, is varied,
squation (33) can be written as

P £ L) § AR
nV® O ONRT, T N T EaA R T x>

-57 -
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Thus, a plot of in (P/Ta ad "N) vs. "'l‘]; gives with a good

‘ N T o
approximation a straight line with slope equal to‘g . This
permits a determ.nation of the activation energy, E? if the over-
2ll order of reaction, N, is known.

To summarize, the overall order ol
reaction N can be obtained from the effect of vessel size on
ignition pressure limits. Also, the composition effect allows
a determination of the partial orders relative to each reactant.
Pinally, the effect of temperature allows a determination of

the activation energy.

2. Experimental Apparatus

The considerable reactivity of N,O4 with the hydra-
Zine-type fuels requires that an experimental technique be used
that slows the ignition reaction to a point which permits valid
neasurexentsto be made. Several techniques are possible: low
temperatures, considerable dilution by an inert substance, or
low pressures. The latter was chosen for several reasons.
Since the reactions of interest are gas phase reactions, low
temperatures are ruled out. Dilution by an inert substance is
undesirable in general for kinetic investigations due to
possible "third-body" effects, or influence,on reaction mechan-
isms. The low pressure technique was adopted so that the
cesired gas-phase reactions of the undiluted reactants could be
studied at temperatures within the range encountered during the
start-up of operational reaction control systems.

The apparatus used for the determination of the
kinetic factors required in the mathematical model is shown
schematically in Figure 12. It consists of vaporizing and
flow metering sections, a flow reactor ans a low pressure
housing with observation windows and instrumentation.

a. Vaporization of Propellants

i. Fuels: Since the substances studied sre
liquids at room temperature, whereas vapor is desired, it ion
necessary to provide 2 means for vapovrizing the propellants.

All four hydrazine-type fuels iavestigrted, NoH . MMH, ULMH,

and 50-50, are hazardous and could give rise tec explosive
decomposition when vapors are in contact with metal. Therefore,
an all glass vaporization system was used. The liquid was
vaporized in a glass coil heated at 90°C, and was allowed to
expand in a 1 liter flask maintained at the same temperature.

- 58 -
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To Jacuux Pump
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Fiowmeter

Pigure 13, Schematic of Low Pressure Ignition Apoaratus
for Tasks I anmd II
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The pressure ia the wveporizeor whs monitored by a mercury
manopetsr as shova in Plgure 13. The vapers were then admitted
te an all-glas:, hoatoed line coruected to the flisw reactor.

il. NqoQ4: Gasavus ngo was taken directly
from a cylinder liwme n & coastan gc-pcrature bath at .
J00C. The vepor pressure at this temperature is a little

above ! atmosphere. The heat source was sufficient to maintain

3teady flovw conditions uy to ¢.2 gr /sec. This flow was

sueguate for the purpese of itiae experiments.

b. Fiowraticg Systems ;

i. Ruol: The hydrazines were fiow rated in
the iiquid phase witi calibrated roismeters prior to entering
the vapsrirer described sbove. ZXsch of the fuels was calibrated
iz@ivizzally. It took, in general, 2 few minutes before steady
fiow coaditiors were reached in the whole fluw system. Stabilized
flowe were sgtablish.d in each test before data were taken.

it. : Kitrogen tetroxide was flow rated

in tpe gasecus form at a pressure slightly below ambient

(300 »x Bg). The rotameter was maintained at constant tempers-~ :

ture siighktly ““vve azbient, 30°C. Under these conditions the : i
v#oors sre A iixture of K,04 aud NOg. Therefore, the flcwrator 1 ]
wes calibrated in terws of sass flow by collecting the vapors | ’
in s condeaser at liguid nitrogen temperature and weighing the
uess coliected during 2 measured time period.

c. The Flow Reactior \

AN
\

Tue flow resctcr shown schematically in Figure 12
wzs a pyrx tube open at op2 ead to the ambient atwmosphere of | l
the iovw pressure housirg described bzlow. The standard flow tube 3
in which wost »f ke experimepts have been conductéd hadia ‘
disaeter of 4.7 ca and a mixing length of 51 cm. Two other :
diapeters of 2.2 ¢ ausd 6.6 cm alsc were used. The flow tube 1
was located in ap inmulated housing snd could be heated elec-
tricailyover its ontire length up to temperatures of 300°C. l
Refore entering the flow tube, the reactants were preheated to
the reactor temperature and were premixed in & smali sec.ion
whos digmeter is approximately 1/3 that of the reactor.

d. Concentric Tube Arrangement ' -

Some ignition experiments were performed using
the ceozcentr.c tube arrangement shown in Figure 13. The concen-~ e
tric tube arrangement differed from the flow reactor discussed
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Fuel o _—_\ /

- Oxidizer

Figure 13. Concentric Tube Reactor

above in that the exits of the inner and outer tubes were in
the same plane and mixing took place in the vacuum tank. These
experiments were not intended for reaction kinetic study but
ware performed in order to compare the hypergolicity of the
N204/hydrazines combinations with the Fy/Hg system on the same
scale. The oxidizer was fed through the inner tube (1.2 cm

in diameter) and emerged as a free jet in a concentric flow

of fuel (4.7 cm in diameter).

e. Low Pressure Housing

The low prescure housing was made of stainless
steel for corrosion resistance. It is & cylinder three feet
high and 12 inches in diameter. ' The reaction tube and insulated
housing are mounted ir a stainless steel tube which is water
cooled to prevent heat transfer to the surrounding shroud gas.
The reactor assembly is installed through the lower flange of
the low pressure vessel by means of a vacuum feed-through and
can be moved up and down automatically. The pressure in the low
pressure vessel is regulated both by a throttle valve in the
coanecting line to the high capacity zump and by an appropriate
bleed of shroud air or nitrogen which has the additional func
tion of diluting the corrosive gaczes. .
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f. Temperature Measurements

The temperature in the flow tube or in the
exhaust stream is measured by means of Pt - Pt/Rh thermocouples
nade of wires of 0.2 mm in diameter. In one experiment the
thernocouple bead was covered with a coat of 8103 to prevent
the possibility of catalytic &effects. As the readings did not
differ from those obtained with the bare thermocouple it is
concluded that no catalytic surface heating of the therno-
couple took place and that the thermocouple, coated or uncoated,
indicated the true temperature of the gas. Subseguently, most
experiments were performed with an uncoated thermocouple.

g. Gas Sampling

The sampling probe was made of 2 pyrex tube,
0.8 cm in diameter, which had been drawn at the extremity to
reduce its diameter. The diameter of the throat waes 0.2 mm.
As it was not intended to quench the reactions, the throat
diameter wzs not of critical importance. The gases were with-
drawn into a pre-evacuated vessel and were later analyzed mass-

spectroscopically.

3. Experimental Results

a. Ignition Limits

i. Flow Reactor: The procedures for the flow
reactor tests are as follows. The apparatus was first evacuated.
Then a bleed of nitrogen of about 1 cfm was admitted into the
pressurc vessel and by adjusting the throttling valve in the
vacuum line a pressure of ahout 0.5 mm Hg was maintained in
the vessel. Gaseous fuel and oxidizer were then allowed to
flow into the reactor. When asteady flow conditions were reached
the ambient pressure in the chamber was gradually raised by
bleeding air into the vacuum line through an auxiliary valve.
Ignition occurred at some minimum pressure and was observed
vigsually. It was somewhat difficult to distinguish if ignition
occurred in the tubeé or in the free jet. However, the occur-
rence of ignition was unmistakeable as it resulted in a visible
flame either anchored at the open end of the reaction tube or
flashing back and forth in the tube.

All experimental data obtained with the
hydrazine~type fuels are reported in Tables V, VI, VII, and
VIII. Minimuxm ignition pressures for the vapor-mixtures o?f
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NO2/MMH, NO2/UDMH, NO2/50-50 and NO2/N2H4 are given in the
respective tables. The important parameters from a kinetic
point of view are, as discussed above, the equivalence ratio

@, the initial temperature of the reactor, T,,and the reactor
diameter. These are listed respectively in Columns I, 1I,

and III. Column IV gives the length-to-diameter ratio (L/D),
and Column V, the mean flow velocity of the gas in the reactor.
The minimum ignition pressures are reported in Column VI. The
order in which the data are reported in each table has been
organized so as to show the effect of the individual parameters

l1isted above.

ii. Concentric Flows

Minimum ignition pressures using the
concentric flow arrangement of Figure 13 were obtained for
NO2/MMH and for Fz/H2. The procedure with NOg/MMH was similar
to that used for the determination of the ignition 1limit in the
flow tube arrangement. First, the desired flows were established
with a low ambient pressure in the low pressure housing. Then
the pressure was gradually raised until ignition occurred. The
result of the ignition was a diffusion flame which burned at

the exit of the inner tube.

With F2/H2 the experiments were performed
in the large tank used in Task III of the program. The flows
of Hg and Fg were metered by means of calibrated orifices in
a manner similar to that described for the impinging stream
tests. The control valves were preset for a running time of
1 second. Each experiment was conducted with a given pressure
in the tank. The limit of ignition was found by trial and
error. Here again the ignition resulted in a diffusion flame
anchored at the open end of the inner tube. The minimum
ignition pressures with the pertinent flow parameters are given
in Table IX. It is seen that under similar flow conditions
F2/H2 has an ignition pressure lower than that of NOs/MMH.

b. Temperature Profiles

A typical longitudinal profile taken along the
center line in the 4.7 cm diameter tube with a flow of 3.2 meters/
sec of stoichiometric NOo/MMH at 5.1 mm Hg is shown in Figure 14.
The figure also shows profiles taken without flow in the reac-
tion tube, one (Curve I) immediately before, and another (Curve
I11I) immediately after the experiment. The data shows clearly
that a low temperature reaction with heat evolution is taking
place before ignition and corroborates, therefore, the general

-83 -
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TABLE Vv
MINIHUM IGNITION PRESSURES OF NOz/HHH VAPORS
IN FLOW REACTORS
g Y n L/D 1} P Pavg.
o cm n/sec mnAg mm Hg
0.25 298 4.7 4.76 | —cnea >11
0.5 ——— >10
2.29 6.00 6.0
1.0 0.96 5.56
1.50 5.35 5.32
3.18 5.05
2.0 1.72 4.00
2.29 4.50 4.65
3.79 5.45
2.5 1.84 4.15
2.47 4.65 4.60
3.89 6.05
3.0 1.85 4.55
2.43 5.20 | 4.87
4.0 2.07 4.80
2.78 5.35 5.07
5.0 2.34 4.90
3.05 5.66 5.28
1.0 404 4.7 4.76 4.95 2.2
5.80 2.5
8.08 2.7 2.83
9.66 3.0
12.1 3.0
15.7 3.6
1.0 298 4.7 10.8 0.88 6.1
1.48 5.6
2.75 5.85
3.57 6.0 5.67
5.05 5.3
6.44 5.3
2.5 2.64 2.9
3.48 3.3 3.57
5.10 4.5
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TABLE V (continued}

g T D L/D U P Pavg.
of cm n/sec Bg m 5
1.0 2983 6.6 4.8 0.45 6.0
0.94 4.3%
2.17 3.80 4.22
3.82 3.55
4.71 3.6
2.5 1.69 2.30
2.20 2.65 2.68
3.75 3.10
1.0 298 6.6 9.5 0.46 5.85 )
1.21 3.37
2.83 3.10 3.83
4.038 3.35
4.85 3.50
2.5 1.94 2.0
2.64 2.2 2.38
3.94 2.95
1.0 298 %.2 1.5 2.16 11.3
3.25 1.3
6.49 11.3 11.9
7.82 12.5
9.41 13.0
2.5 4.54 7.7
5.80 8.9 9.2
9.54 11.0
1 298 2.2 30 3.56 10.3 10.25
7.20 10.2
3.5 '5.29 6.6
- 7.28 7.2 7.4
12.8 8.4
0.5 5.25 14.0
0.78 6.44 11.4
1.0 8.33 8.6
1.8 10.03 7.3
2.0 10.08 7.3
3.0 ——— >16.0

NOTES: g m [}rm) Actnal] . =“lq'n1vnlenco Ratio
ch. -

volume
To = Initial wall temperature of flow reactor
D 2 Diameter of roactor
L= Lesngth of reactor
Uza Initial gas velocity
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TABLE VI

REACTORS

EINIMUM IGNITION PRESSURES OF NO,/UDMH VAPGS IN FLOW

- ™ o - v w S ] w - a
» . . . . ] . [ ] * . Py
a— ) - [ o o~ o ] o ] -
[-9
pi q2velceglecann vl |nos|ne neloa| | enacen
il vevu CEE | N | et | evee | eacace | cact | cqet | cwer | oo | ot et enen e
g| 2893|2581 3RS | AR |38 |28 |88 38|88 (8| 93328,
POl meow | aww VO |ve [0 e o | ne | me v voegon~
- | ~ ol o
g & 2
« .
-
[ [ ]
il | I -
® -
8 ] o
« |8 - |E 2 18 |18 |8 18 |8 |88
o (- - -~ ] ™ - 0 © |~




Pavg.

2.9
1.73
1.76
6.9

OriM | MBSO | QOO | 0O 97972
. L] L]
rlrdrl | ONMMOM | rdieed N | e | OGO

(continued)

m/sec

W= | M.
NN | Al

L . 4 . o o

7JMﬂuoa1
4 [ X+
- [ ]
YO0 | OONW®D
4 -t

o h L3 o

9”4 NM Ut
RN
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TABLE VI

L/D

4.78
10.8
11.5

4
4.7
2.2

403
298
298

AFRPL-TR-85-257

1.00
1.00
3.06
4.00
1.00

5.6
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TABLE V1I
MINIMUM IGNITION PRESSURBS OF N02/50-50 VAPORS IN FLOW
F.EACTORS
T
[ T D LD v P Pavg.
qf cn n/sec = Hg na
1.0 208 4.7 10.8 2.30 3.6
2.77 4.0
3.68 4.5 3.93
6.54 3.35
7.16 3.85
8.01 4.3
2.28 3.82 2.0
5.46 2.1
6.34 2.45 2.56
6.20 3.7 :
1.0 298 2.2 11.5 6.49 7.8
9.45 8.0 8.03
12.2 8.3
2.268 10.3 5.1
11.3 6.2 6.33
13.8 7.7
TABLE VII1
MINIMUM IGNITION PRESSURES OF 502/N284 VAPORS IN FLOW
REACTORS
) To D L/D U P Pavg.
ox cm msec mm Hg mm Hg
0.75 293 4.7 0.8 2.29 11.7
1.0 1.61 9.5
2.18 10.5 10.43
2.71 11.3
2.0 1.64 10.5
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TABLE IX
MIAINMUM IGKNITION PRESSURE IN FREE JETS

Type Oxidizer Fuel Jet Ignition
Flow Flow Velocity Pressure
cm3 /sec cm3 Aec cm/sec mm Hg

STP STP oTP

NOo

in MMH 12 24 520 15.3

Fo in Hg 50 200 7500 12.0

Fo in Hy 25 300 3750 11.5

pu—

Dinneter inner tube = 1.2 cm
Diameter outer tube = 4.7 cm

STP - Standard Temperature and Pressure

OTP - Operating Temperature and Pressure
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picture of thermal ignition which is postulated in this work.
However, some experimental difficulties for the quantitative
study of the reaction kinetics are apparent. HNamely, a gradual
increasge of the wall temperature is taking place during the

run as can be seen by the comparison of the profiles taken
without flow i.efore and after the experiment. Secondly, during
the time needed to take the profile with the traversing
mechanism (2 to 4 minutes) a condensate of low vapor pressure
was observed on the walls of the tube and also on the thermo-
couple. The importance of this condensate or adduct will be
discussed further later in this report. False readings of
temperature were a very likely possibility under these coarditions.

In order to eliminate theese eventual causes of
error, it was, therefore, decided to take the temperature point
by point allowing only a minimum runaing time so that the wall
temperature during the run would have changed only by a negli-.
gible amount. Such a technique was used to determine the
temperature profile in the tube just prior to ignition. With
the thermocouple located at a fixed position in the flow tutke,
the desiréd propellant flow rates were established at a low
ambient pressure ( ~ 1 mm Hg) in the stainless steel vacuum
tank. Ambient pressure then was increased gradually until
ignhition occurred. The tempzrature rise was recorded as a
function of time and the maximum temperature reached just prior
to ignition was noted.

" The results of these experiments are reported
in Figures 15 and 16 which give the temperature profiles obtained
with stoichiometric NOo/MMH and NO5/UDMH, respectively. It
should be noted that the temperature rises immediately from the
mixing point and that it reaches a maximum. Such behavior in-
dicates that the reaction starts immediately without any in-
duction period. This point is of importance with regard to
the mechanise of reaction as it tends to indicate a pure thermal
mechanism, without chain branching. :

c. Analysis of Reaction Products

The analyses reported herein refer to the products
of the low temperature reaction occurring prior to ignition.
No amnalyses of the end products of the explosive reaction were
performed.

i. Gas Phase

The probe was located at the center line
and exit plane of the 4.7 cm tube of L/D = 10. Only the
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stoichiometric NO2/MMH wasg investigated at pre-ignition pres-
gures ( < 5 mm HAg). A shroud of helium gas was used in order
to eliminate any doubt concerning the origin of N2 in case
this gas would have been present in the reaction products.

The result of the mass spectrometric analysis are given in
Table X. It is seen that only 2% of COg appears in the pre-
ignition reaction products. No nitrogen was found and no
trace of MMH could be detected. It must be noted that the
composition reported cannot Dy any means represent the exact
composition of the exhaust gases as the reaction was not
guenched, and in reality, continued in the sampling container.
The analysis is revelant, however, in the sense that no nitrogen
or hydrogen was formed and that only COp appeared as an end
product but in rather small amounts.

ii. Condensate

Upon mixing, the vapors of the hydrazines
with NOg give a large amount of smoke. This has been reported
by others previously. In our apparatus the liquid droplets
condensed further on the walls and collected finally as a
viszous yellow liquid at the base of the flow tube (placed
verticaily). The amount of condensate was the greatest in the
case of NO2/MMH and =mounted to more than 20% by weight of
the initial reactants in some experiments.

Results of the elemen.al analyses of the
condensate are given in Table X for MMH and UDMHEH as fuels.
The clemental analyses agree reasonably well with additive
compounds of formula MMH-NO5 and UDMH-NOg.

The infrared absorption spectra, Figures 17
and 18, show the presence of nitrate and amine groups. No free
MMH or UDMH was detected.

d. Thermochemical Data for Condensate

Some preliminary thermochemical data for the
MMH adduct was also obtained. The heat of combustion with oxygen,
as deternined from limited bomb calorimetric tests, is 3090
cal/gr. This gives a heat of formation of the adduct of
AHf = -0.8 kcal/gr based on the elemental analysis.

- T4 -
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TABLE X

"ANALYSIS OF REACTION PRODUCTS OF PRE-IGNITION
REACTIOR, NOz/HIH

GASEOUS PRODUCT OF STOICHIOMETRIC Nogfllﬂ

AT S mm Hg
No0,4 98%
co, . 2%
Helium Trace
MMH None

ELEMENTAL ANALYSIS OF CONMDENSATE

RO, /HNH
Carbon 14.6%
Hydrogen 8.4%
Nitrogen 46.4%
| Oxygen (by difference) 30.9%
NOz/UDIH
Carbor 23.0%
Hydrogen 9.1%
Nitrogen 26.8%
Oxygen (by difference) 41.1%
-75-
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4, Discussion of Reaction Kinetics Results

a. Ignition Limits

i. Effect of Flow Velocity

Each set of data consists of pressure
linits for a number of flow velocities, all other parameters
being maintained constant. It will be seen that the minimum
ignition pressure has a tendency to increase with flow velocity
within the limit of the flow rates investigated. This is a
normal effect as it is known (Tef. 1) that theve is an upper
flow velocity 1limit called blow off limit above which no stable
flame can be maintained in the stream. The important point
is that in approaching this limit the ignition pressure does
not vary drastically with the stream velocity. This is
especially true for the stoichiometric mixtures. However, for
the fuel rich mixture the velocity effect is somewhat greater.

ii. Effect of L/D

Disregarding as a first approximation the
effect of velocity, mean values of pressure limits over the
velocity ranges investigated may be computed. These values are
listed in Column VII of Tables V to VIII. This averaging pro-
cedure is used to determine the effect of L/D on the minimum
ignition pressures. -In Table XI, the mean values of the pressure
linits which are tabulated as functions of L/D and the equiva-
lence ratio are compared where possible. Three sets of data
exist for NOo/MMH and one for NOo/UD It will be seen first
that no appreciable effect of L/B can be detected for the
stoichiometric mixture (@ = 1). PFor rich mixtures, however,
the minimum ignition pressure increases when L/D decreases.

iii. Effect of Reactor Size

The fact that L/D and velocity effects are
negligible for stoichiometric mixtures makes it now possible to
determine the true effect of diameter on the explosion limits.
This. is important since it permits the total order of reaction,
N, to be deduced from these data. Since the L/D has only a
slight effect for @ = 1, it is possible to average again the
pressure limit values of the two L/D's for each reactor size.

The resulting uverages are plotted in Figure 19 as 1n P vs. 1n r.
In the case of NO3/MMH, for which three data points are available,
a straight line is obtained with a slope indicating an order of

-77 -
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EFFECT OFf REACTCR L/D ON MINIMUM IGNITION PRESSURES,
NO2/MME and NOs/UDMH -

TABLE XI

6.6 cm Tube, MMH

‘\;éif

9.5

|

4.8

1l 4,22

3.83

2.5 | 2.68

2.38

4.7 cm Tube, MMH

4.7 cm Tube, UDMH

L/D L/D |
o 4.76 l10.8 [ 4.76 |10.8
4 javg.= oy avg.=
1 5.32| 5.87 5.50 1 s.1 | 2.9 | 3.0
2.5 | 4.60| 3.587 3 2.47 | 1.73]
4 2.4 | 1.76

2.2 em Tube, MMH

L/D
P 1.5} 30
’ V‘n=
1 11.9.] 10.24 11.08
2.8 8.2 7.4

~78-
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Inp =_E. ln r +constant
N

P = pressure, mm Hg

— r = reactor radius, cm ]
1.0 }— —
N0, /MMH
—
9
g —
-t

Lt b ool e
2.0

2.5

Figure 19. Effect of Reactor Radius on
Minimum Ignition Pressures
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reaction close to 2. For NO,/UDMH and NOg/50-50, only two
data points exist but the lines joining the two points
indicate again an order of reaction close to two.

iv. Effect of Equivalence Ratio

For the NO3/MMH mixtures two sets of data
are available, one taken in the 4.7 cm tube with an L/D of 4.76
and the other taken in the 2.2 cm tube with an L/D of 30. Using
the averaging proceduvre described above, the minimum ignition

| pressures are plotted in Figure 20 against the equivalence ratio.

In both cases the minimum is found on the fuel rich side. It
is somewhat difficult to define exactly this minimum because
the cur'ves are quite flat but it can be estimated at about

g = 2.5 i.e., the equimolecular mixture NO5 + CH3NgH3. In
the case of NOg/UDlH as indicated in Figure 21, it seems again
that the minimum is close to the equimolecular composition,
which is & = 4. Thus, for these two combinations the data
indicate partizl orders of reaction close to 1 relative to

fuel and oxidizer.

No complete set of data are available for
NO3/50-50 and NOg/NgoH4. The only statement which can be made
regarding these combinations at the present time is that the
equimolecular mixtures ignite somewhat easier than the other

mixture ratios tested.

v. Effect of Temperature

The effect of initial temperature was
investigated for NO3/MMH and NOo/UDMH. The measurements were
made using the 4.7 cm tube of L?D = 4,76. Averaging again the
minimum ignition pressures over the velocity ranges investi- 2
gated, the results are shown in Figure 22 in a plot of 1lan P/T
against 1/T The three experimental points for NO /UDHH falg
on a straiggt line whose slope corresponds to an energy of acti-
vation of E = 7.2 kcal/mole. Two pointse only were taken for
NO,/MMH. The slope of the line indicates an erergy of activation
of 5 2 kcal/mole. The temperature effect for NOy/50-50 and

NO2/NogHs was not investigated.

vi. Comparison of Reactivities of Hypergolic
Combinations

This comparison is best given by the
pressure limits obtained for the stoichiometric mixtures in
the 4.7 cm reactor of L/D = 10. The comparison is shown in

-80 -
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"Teble XII which includes :.ise the concenmiric flow tests. Tha
following order of reactivity is indicated: KO3/UDMH > NO5/
0-50 > NOo/MME > ¥0q/N,R,.

b. Deternination of the Heat Relesse Factor {(AQ)

So far the analyses of the experimentzl data
on axplosicn limits has permitted us to establish the <verall
kinctics of the reaction. The total order of reaction for the
two syetems completely investigated (NOo/MMH and uoz/unun)
has been found to be close to 2 and their partial ordess
relative t¢ fuel xnd oxidizer, close to 1. It is now possible
to write the rate erprese‘un for resaction rate in the form:

W= Acjcy exp (- %TJ

wvhere c; and <, represent the concentrations of fuel aad
oxidizer, ruspectively. Substituting this expression into
equation (32), the Frank-Kamenetgkii criterion for thermzl
ignitioa becomes:

LR E_ e, LE)
A RTE re ¢ 6 A exp ( RT’,) : (35)

In this expression all guantities are knosn froa the explosioa
limits data with the exception of A and Q. It is thus possible
to caiculate the product AQ. This calculation will be periformed
in det2il for the case of NCp/MKE. The explosion limit is taken
. a8 5.5 ma Bg which ig the mezn value obtained for the stoichio-

metric mixture at Ty = 2280K in the tubs of 4.7 cm diameter.
Taking for E ths value o 5.2 kczl/mcle and takiag or A a
value of 4 x 10-J cal sec~l cm~1 degree~l, the following data
are known:

o = 3
7o)

To = 288K

r= 2.35 cms

cy ™ 0.84 x 107 mole/cc

cg = 2.1 x 10~7 mole/cc

R




TANLE XI1

'COMPARISON OF REACTIVITIES OF VARIOUS
MPERGOLIC COMBINATIONS AT

 COMBINATIGN | INTNUM YGNITION PRESSURE,ms Zg
| (;&éich&outtrie) 4.7 cn Tubs Pree Jet
Nop/oDEH 3
‘N0g/50-50 3.9 |
NO9 /308 3.5 15 )
Wog /% 10.4 |
Pgﬂé ' 13

*Reactivity ias inversely proportional to
ignition preravure.
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A= 4 x 10~° cal/sec-cm-°C
E = 5.2 x 103 cal/mole

Substituting these values into equation (35), the product AQ
becones:

AQ=1.7 x 1014 cal cc
mole? sec

The product AQ may also be evaluated using a
quite different method. Considering the temperature profile
at the center line, as shown in Figure 13, it is noted that
the first part of the curve is quite linear. In this region
it might be assumed as a first approximation that heat losses
by conduction to the wall sre negligible. This is certainly
true in the central region of the tube before the boundary
layer is fully developed. Taking for the kinematir viscosity
the value of V = 13.3 cm2sec-l and for the initial linear
velocity the value of Uy = 245 cm/sec, it is found that the
boundary layer merges in the center at a distance of 16.3 cm
from the origin. For the central, initial portion of the tube
the heat equation can be written in the form

T
P o U g—; =WQ = AR c,c,; exp -EE'-I‘-) (36)

with A = density, cp = specific heat and U = velocity at
the center 1line

Applying this equation at x = 10 cm from the origin and taking
into account the pressure and composition of the mixture, it

is found that:

T
. (o]
g—; 2.4°C/cm _
U = 375 cm/sec
T = 347°K

cp = 0.79x 10‘7 mole/cms
« 1.99 x 107 mole/cm3
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cp = 0.24 cal/gr-9C
LR = 1.4 x 109 gr/cm3

These values, substituted into equation (36), give

AQ = 3.4 x 1014 cal cc
mole< sec.

Considering the uncertainties in the values of cp and A, the
agqreement between the two methods must be considered as very

sz tigsfactory. It should be noted that the value from the
tenperature profile method is preferred as it is more direct
and is independont of the approximations involved in the theory

of thermal explosiors,

c. Pre-ignition Gas Phase Reaction Mechanism

In defining a scheme of reaction for the processes
leading to hypergolic ignition in the gaseous mixtures of the
hydrazines with nitrogen dioxide the following facts have to be
accounted for:

(a) A low temperature reacticn with heat generation takes
place in the gaseous mixture prior to ignitioa.

W) The energy of activation of this reaction is low and of
the order of 5 to 10 kcal per mole.

(c) The total order of reaction, N, is close to 2 and the
partial orders relative to fuel and oxidizer are close to

unity.
(0) The reaction starts without any apparent induction period.

(e) Chemical additives tested have in general no other
influence than the small influence expected from a

diluent.

() A liquid condensate of low vapor pressure and showing
a 1/1, F/0 molecular composition is formed prior to
ignition.

The fact that no induction period is observed and that chemical
additives have in general no influence on the rate of reaction
leads first to the conclusion that the low temperature reactions

-87-
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are not of the chain type. Further, the order of reaction

and the adduct formation point toward a molecular association
reaction between fuel and oxidizer. It is difficult at present
to decide whether this association reaction is a necessary
step or only a side reaction in the mechanism leading to
ignition. However, we will venture to propose the following
physical picture as a working hypothesis.

When fuel and oxidizer come¢ into contact, they
first form an adduct which further dimerizes to form the con-
deasate of low vapor pressure. These steps are accompanied by
& significant heat evolution. The heat liberated is only a
fraction (10%) of the total heat liberated by the explosive
reaction but it is sufficient to bring the mixture to a
temperature level where decomposition and explosive chain
resctions are initiated. It is well known that nitrogen tetroxidc
forms addition compounds with most organic compounds that are
able to donate electrons. Electron donors usuxlly form a 2:1
compound which may be represented as

O\ \ /o
N— N
o% ~o
DONOR

It is well possible that the condensate isolated from the
NOo/MMH reaction could be a compound of this type as the
elemental analysis gave C, H and N in the proportions of 14.6,
8.1 and 46.4 which is in reasonable agreement with the
theoretical values of 14.5, 8.25, and 47.3 for a compound of

the formula (CH3NgH3:°MOj)2.

Some interesting conclusions concerning the
mechanisms of reaction might further be drawn by considering
the results of the thermochemical data. The data were obtained
from only a limited number of tests and certainly require

verification. Nevertheless, we will use the existiug preliminary
information. From the determined heat of formation

AHp, = -0.8 Kcal/gram
and the known heats of formation

AHBgy = 23.2 Kcxl/mole for MMH(g)
and: 1 -Z&H?o = 7.9 Kcal/mole for NOg(g)

-88~-
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we find for the reaction, assuming the adduct is (CHgN233N02)2,
MMH(g) + NOg(g) = 1/2 (CH3N3H3NO3)5 (1) + AE = 105kcal

Assuming that this reaction is the dominant exothermic process
in the low temperature regime prior to ignition, the value of Q
appearing in the heat equation (36) and (35) might be identified
with - AH = 105 kcal. Thus taking 3.4 x 1014 cal cc mole-2sec—
for the value of AQ, we find for the frequency factor of the
bimolecular association reaction

A=0.3 x 1010 ¢cc mole~lgec~!

Such a value is substantially lower than the coliision fre-
quency, Z, which for moderate size molecules is of the order

of Z = 5 x 1014 cc mole~lsec-l. Thus, only one efficient
colligion occurs for every 50,000 collisions between the

reactant molecules and the steric factor f = A/Z has a value of

6 x 10-6, In most bimolecular reactions of free radicals with
molecules, 6.1 < £ < 1. However, certain additional reactions,
for instance at double bonds, have low f values (10-3 - 10-5).
Furthermore, it has been found that molecular association
reactions have in general low A values. For instance, Kistiakowsky
and Stouffer (Ref. 12) found for the A-factors of the association
of hydrogen bromide and hydrogen chloride with 2-methyl propane
values of 1010.2 and 1011 mole~lcc-sec-1 which are fairly close
to the value obtained for the reaction between NOy and MMH from
the preliminary thermochemical data on the sdduct.

5. Summary and Conclusions

The analysis of the experimental data on explosion
limits has permitted us to establish the overall kinetics of
the low temperature reactions leading to ignition of the two
systems NOo/MMH and NO2/UDMH. The total order of reaction for
these two systems is close to 2 and the partial orders relative
to fuel and oxidizer are close to unity. The energies of
activation are 5.2 and 7.2 kcal/mole for NOg/MMH and NOg/UDMH,
respectively. Partial data for the systems NO2/50-50 and
Noz/N have been obtained. The total order of reaction for
N02/50 has been found to be close to 2. The minimum ignition
pressure for NOg/N2H4 has been determined in the case of the
stoichiometric nixture which is also the equimolecular mixture,
and indicates a reactivity less than those of the other hydra-

Zines.
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. The formation of an adduct of low VApOYr pressure
and of near 1/1 molecular composition relative to fuel and
oxidizer has been observed and analyzed in the case of NOy/MMH
and NOZ/UDﬂB. A condensate was also observed in the case of
NO2/50~50 but it was not analyzed. Both its appearance and
quantity formed are similar to the NOg/MMH adduct. A
considerably lesser amount of the NO2/UDMH adduct collented in
the liguid state at the base of the burner assembly.

A synoptic representation of these conclusions is
given in Table XIII. ‘

D. Statement and Results of Mathematical Model of Hypergolic
Ignition ' .

in this section, the results of Sections B and C on
chemical kinetics and chamber pressurization due to propellant
vaporization are combined into a mathematical model of hyper-
golic ignition in reaction control systoms at space conditions.
The model and the assumptions involved are discussed first.
Subsequently, calculated ignition delays are given and compared
to experimentally measured values. PFinally, overpressures
which occur during engine start-up transients are considered.

l. Hypergolic Ignition Model
a. Dominant Ignition Reactions

It is assumed in the mathematical model that the
dominant ignition reactions are gas-phase reactions. Some
experimental justification for this assumption comes from the
work of the preceding ten-month program reported in Ref. 1.
Figure 31 of that reference is a log-log plot of average ignition
delays vs. pressure for a number of hypergols tested in an
unconfined impinging stream apparatus (i.e. impinging stream
injectors without thrust chambers). Curves for the NgO4/
hydrazine~type fuels combinations are reproduced in Figure 23
of the present report.

: Essentially, the curves ss drawﬁ iinply connect
the averaged data points at each pressure by straight lines.
However, in the pressure range from 150 to 60 mm Hg, the three

data points for N204/UDMH, N204/MMH and N204/MHF-5 (a mixed
hydrazine fuel) fall on single strajight lines. This linearity

is found despite the fact that the greatest data scatter was
observed in this pressure range (see Ref. 1). Ng04/50-50
shows a nearly linear relationship in the log-log plot in this

pressure range.
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The fairly high degree of linearity in the 130
to 60 mm Hg pressure range suggests that a common process is
rate controlling in this range. 8Since the delays at one at-
mosphere are longer in every case tham those to be expected from
an extrapolation of the straight-line low pressure curves, a
different comtrolling process is indicated for the ignitions
at high pressure.

The results of the nearly 150 tests made with _‘
these hypergolic combinations using various impinging streasm
injector configurations (injection velocities, impingement
angles, impingement lengths and type of manifolding) show that
mixing processes are anot controlling at any pressure investi-
gated. KNeither the controlling process at one atmosphere,
nor the one at lower pressures is propellant mixing.

Pigure 24 is a log-log plot of average ignition {
delays at one astmosphere va. relative volatilities of the five
hypergolic combinations. Relative volatility as used here is
simply the ratio of the vapor pressures of oxidizer to fuel. The
figure shows that the greater the discrepancy between fuel and
oxidizer volatilities the longer the ignition delay at one
atmosphere. Two observations are suggested by the simple
correlatioi nf Figure 24. Since the oxidizer is the same for
the five combinstions, the abscissa of the figure is effectively
the reciprocal of the vapor pressure of the fuel. The igmition
delays of these hypergois, tien, are seen to depend on the vapor
pr.ssure of the fuel. The figure indicates, therefore, that fuel
vaporization is controiling at one atmosphere. Then, since
fuel vaporization is controlling, the dominant ignition reactions,
even at one atmosphere, must bhe gas-phase rcactioas.

At reduced ambient pressures, no correlation
exists between ignition delay and relative volatility. Con-
sequently, the comirclling process at low pressures is not
propellant vaporization, a result compatible with the curves
of Figure 23. Since, as stated above, mixing processes are not
contr::11ing at lov pressures, one concludes that gas-phase
chemical kinetics is. The success of the mathematical model,
vhich assumes that gas-phare chemical kinetics is controlling,
supports the conclusion.

Purther support comes fros a comparison between
. the numbaer of gas-drop collisions and the ausber of gas-gas
collisions. Due to the .. 4i. Cifferences between the volatilities
of Ng04 snd the hydraszians uels, we will comsider the possibility
of reactions resulting from collisions of gaseocus noz molecules
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with drops of MM (gas-drop collisi .as), for example. The
freausicy o .haee coilis.ons vill be compared to ths fre-

quency of ’n-oous MOg-gasecus MHE collisions (gas-gas
collisions

Naking vse of computer run CCl, #R, fo. which
W = 00818 lby/sec, . Atg = 4 x 16~ gec, T, = 54007,
Vo = 1.015 x 10-2 £t3, and ry = 75 microns (see Table III
for imitial radii of the three drep size spray model), we
first calculati tae total acrmpliet surtice area per nnit chamber
vcln-o We select a time of 0.8) msec for which Pg = i.74 mm ¥g,
= 513°F - 28%0K nné the approximate average radii of all
t Arepn in the syatem in each class are

77 x 106 2t (range of aciual r)'s: 83x10~6 to
7.<10-5 2¢)

"
ot
1

Te = 338 x 1079 {t (range of actual r3's: 250x10-6 to
133x10-6 ft)

and T3 705 x 10~% £+ (range of actual r3's: 720x10~8 to
887x10-5 1t)

By equatioans (3), (4) mad {6s) 2n1 noting that 20 ensembies

have undergase evaporatiua during tae 0.500 msec period (time/

Aty = 30), we obtain ths total surface area of the drops

in each class. Dividing the ~esult!ag aress Sy the chraber

volume Fives the surfacc areas per unit volume ior each of the

thres sigregate drup classes:

Toial Alﬁc -

)

.98 x 10~2 cm4/cc for vy = 77 x 10-6 ft
Total 32/V. = 0.91 x 10-2 ce?/cc for T3 - 236 x 10°8 £t
ard Total Ag/V. = 0.36 x 1973 cm?/cc for T3 - 705 x 1076 £t

e tot&i drop surface aver per cc is theresiore 3.19% x 1073 cm/
ce.

The coacentration of gas molecules at 0.870 mmec
when Dg = 1.74 s Xg and Ty - 28%0K (above) is

malecalar comcantration = ¢ = oo . Pgio |
¥ Tg

5.90 x 1018 gra mclecules/cc 37N
wvhere N, ~ ivogadre sumber - 6.034 x 1037 solecules/mule

- %..
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By the Riiaetic thoory 6f geees, the number of collisiocus pur
unit time Bevwesr gas molecules ard a surface of unit ares is

Zgag-surtace = ¢ U = ¢ (RTg ) /3 (33)
R N L '. 4 . zw "

wncve < is aolccular conaontration and u is mean
golocular velocity.
:gﬁ [ .
Hu‘t.plyini-aq. (38) by the tetal drop surfsuce arsa Der cc as
doterained above, and tekimg imto account the lact taat the
vagor noleeuloe are CCL4, we obtain, for T = 285°K:

zgsnnd*op = 9.2 x 1018 gap-Crop collisiens/cc-sec  (29)

Bquasien (39) is the zumbe~ of CCl4 gas-drop cellisions per
unit time per unit voliume st 0.800 »sac of the corputer
cnlculgtien.
AN !
Ve assu aow that the vapor rcleculas are

X0y and the drops sre XMH. To accomwnt for the differeace in

gacuxsr weights of 0814 and R0y [+« .0 eg. 38), eg. (35) is
nuldtplied by (MCCl4, MNO2)1/2. Als., uince tho number of
drops i3 ezdhk clsse is inversely prororiicnal to doansity
(nee eq. €), €. (39) is multipled alsc hy { 5 CClyg/ # NNE).
The Tesilt: civas tho froquency of collisious beiwesn the NC,
molecules and WMH drops and is

gae-NMX drops ~ 3.1 x 1019 gas-érop (40)
col?i~1on3/oc-seo
it g i

for %P; - 1 74 mm Hg and Tg = 285°K
B i S

!ron the kinetic .heory of gazes, the total
gﬁﬁugaﬁ 691ligions between unlike molecules pexr unix vcelume
and per unit time is yiver by

s D08 G . /2
z 14 1 1 :
gAS-gAg = Cy Jox (rf Tox!“ [BWKTg (= + & (41)

(v

o e,
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where ¢y and ¢py are molecular concentrations of fuel and
oxidirzer

ry and Yoy &re molecular radii
k = Boltzmenn constant = 1.38 x 10-16 erg/OK molecule

and my and mgy are molecular masses,

For ryMg = 4 x 10-8 cm, TNOp = 3 % 10-8 cm, and T = 2859K, we
cbtain

Zgas-gas = 7.88 x 10-10 Ccf Cox gas-~gas collisions/ (42)
cc-sec

Azs a "worst case", we assume the molecular concentrations of
gaseous HMH and Qg are in proportion to their vapor pressures
at the temperature of interest (285°K), ¢NOg/CMMH = 21. Since
the total molecular concentration is 5.90 x 1016 (eq. 37), the
total gas-gas collisions between unlike molecules is

zgas—gas = 1.2 x 1023 gas-gas collision/cc-sec (43)

This is the second of two collision frequencies sought. The
results are summarized as follows:

Type of Gas Gas Gas Collision Pressure
Collision Fress. Composition Temp. Frequency, Z Dependency
- mm Hg oK molecules/cc-sec of Z
(constant 4g)
Gas-Drop 1.74 All NOg 285 3.1 x 1019 p
Gas-Gas 1.74 B = 21 285 1.2 x 1023 p2

The frequency of the gas-gas collisions is about 4000 times
greater than the gas-drop ccllisions at the low pressure of

the calculations. At higher pressures the discrepancy would

he greater, 25 =scen from equations (41) and (38) for a constant
drop surface area. Of course, rot every collision between
oxidizer and fuel (whether gaseous or liquid) results in
reaction. Hcwever, if the activation energles and steric
factors are even roughly similar for the two cases, the gsas
phase reactions would bhe dominant.

Rt TP NPT

T R i SRR
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b. Ignition Delay Time

The analytical expressions yielding ignition
delays in an engine are based on the concept indicated in
Figure 1. 1In essence, an equation giving ignition delay
tizmes is developed, the vapor concentrations required in the
equation being given in terms of the partial pressures of
the reactants in the thrust chamber. The partial pressures
of each propellant are obtained by the analysis for chamber
pressurization due to propellant vaporization (Section I1II B).

We consider a volume element of vapor-phase
reactants in a thrust chamber and assume heat losses from the
volume are small. The heat equation, for a bimolecular
reaction and no heat losses, becomes (eq. 36):

-dT
Ay Spg at ~ I 7 Adeyop o “Fa/RT (44)

Introducing non-dimensional variables

O-L .E'AtJ cjc3 » “'&, A-L___.'clcz

eguation (44) becomes
do - &
= = Ae /8 (45)

d§

In the case where of > 17, Todes has shown that the ignition
delay is very closely approximated by:

(46)

T. -
. tgn oK A

Although in our case the values of O are between 9 and 12 due
to the low activation energies of the ignition reactions, we
will use equation (46) in the absence of a better criterion of
ignition. Reintroducing the usual variables in equation (46),

one obtains:
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2 Bac: E. /RT
. RTg®  P8Cpg a/"lg
T ign EaAQ cic2 ¢ (47)

Expressing the concentrations c, and Cg in terms of reactant
partial pressures ps and pox, and expressing the density and
heat capacity of the res~tant mixture in terms of the properties
of the individual species;, we oktair finaily for the ignitioan

delay time:

T ign = RT3 ), 241-) (Cop + /B Cpox ) © Ea/RTg  (48)
PoE,AQ
where Pg = pf + DPox
[ = kex
pf
and Cpf and Cp,, are molar heat capacities.

The reactant partial pressures, ps and p are obtained
individually by the aaalysis in Section 11I B for chamber
pressurization due to propellant vaporization.

The theoretical ignition delay time in a given engine
operating under specified conditions is obtained by determining
the point of intersection of the twe curvés of Figure 1. From
the individual partial pressure curves for each reactant (by
Sect. III B), the total pressure curve for the chamber can
be constiructed assuming no reaction, as well as a vapor phase
composition curve ( 8 values) and an average gas temperature
curve for the vapor mixture. Values of Pg, T, and /A3 for
various vaporization times are substituteg in%o equation (48)
until the calculated T jgn agrees with the time associated
with the particular values of Pg, T, and /3 |used.

Obviously, equation (48) applies to a system in
which not only the pressure and temperature are constant during
the ignition delay period but also the composition of the
reactant mixture. Although the gas temperature variation is not
too great during chamber pressurization due to propellant
vaporization (Fig. 2), the gas pressure varies considerably as
it rises toward a steady-state vaporization chamber pressure.
Thus, the intersection of the two curves of Figure 1 where the
dotted curve is given by eq. (48) would be expected to give
ignition delays shorter than corresponding experimentally
determined ignitior delays. :
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In addition to the pressure variation, the vapor
composition can be expected to vary due to the different
vaporization rates of the two reactants. In general, the
vapor composition, for usual liquid mixture ratios, is quite
lean since the oxidizer is much more volatile. The sen-
sitivity of calculated ignition delays to vapor composition,
temperature and pressure is given in the following section.

2. #g8uits of Hypergolic Ignition Model and Comparison
with Experiment ,

a. NpO4/UDMH

Several pressure-ignition delay curves, cal-
culated by equation (48), are plotted in Figure 25 for N 20 /
UDMH. Three /3 values and two temperatures have been useé
in calculating the curves. The lower temperature (286°K)
is an estimated value for the gas temperature in a typical
engine during the ignition time based on the chamber
pressurization calculations. The three values of /3 used
with this temperature indicate the effect of vapor composition
on ignition delay. The most favorable vapor composition for
ignition is the equimolecular mixture for which /B3 =1
(Curve 3). The stoichiometric vapor mixture ( B = 4) causes
somewhat longer delays, (Curve 2). In a rocket chamber at
space conditicns, one might expect that the vapor-phase
composition (for simultaneous propellant entries) would be
roughly proportional to their vapor pressures at the tempera-
ture in quesation. On this basis, a /3 of about 6 for NoO4 /
UDMH gives the vapor composition. The ignition delays for this
case (Curve 1) are seen to be about 40% longer than the delays
of the equimolecular mixture at the srme pressure.

The effect of temperature is indicated by a
comparison of Curves 2 and 4 which are both for the stoichio-
metric vapor mixture. The ignition delays for the lower
temperature case arc roughly 50% longer than the delays for
the warmer mixture at the same pressure. The temperature
difference is 120C.

The pressure-ignition delay curve based cn
estimated preignition vapor phase composition and temperature
in an engine (Curve 1 of Fig. 25) is given in Figure 26 together 4
with experimental .gnition delays reported in Ref. 1. The '
experimental ignition delay times start when the lagging i
propellant first emerges as a liquid from the injector face.

-
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These delays are plotted against the pressure in the chamber
when ignition occurred. The delays were measured with engines
of various thrust chamber configurations (design P,, L*, C.R.)
operating at 1 mm Hg ambient pressure.

The theoretical curve, calculated for a fixed
gas temperature and vapor phase composition, does predict
delays shorter than experimental ones as anticipated. One
could use some average value of the pressure in the chamber
during the ignition delay time in orudsi to get better agreement
between experimental and theoretical results. However, this
would be of little value until the actual vapor phase composi-
tion and temperature can be predicted by the chauber pressuriza-
tion analysis in Section III B. As stated previously, an
accounting of the transient build-up to full flowrate for the
very volatile propellants (N204) must be included in the analysis
in order to properly predict chamber pressurization, vapor
composition and temperature. Since the less volatile hydrazine
fuels undergo no, or only slight, '"flashing" inside the injector
volume, the analysis predicts their chamber pressurization rates

adequately.
b. N204/MMH

Theoretical pressure-~ignition delay curves for
N2O4/MMH are given in Pigure 27. The same two temperatures
are used here as in the N204/UDMH case. Again the equimolecular
mixture ( /3 =~ 1) gives the shortest delays at a given tempera-
ture (Curve 3). The stoichiometric mixture ( B = 2.5) gives
only slightly longer delays (Curve 2). Using the same criterion
as before for estimating the preignition vapor phase composition,
a high /3 results due to the lower vapor pressure of MMH. The
calculated curve for this case indicates exceptionally long
delays. The temperature effect on ignition delays for this
combination is seen by comparing Curves 2 and 4.

A comparison of Figure 27 for NoO4/MMH with
Figure 25 for N,04/UDMH shows the latter combination has sig-
nificantly shorter delays.

3. Pressure Spiking Consideration

Two possible causes of pressure spiking are (1)
explosion of the "pre-ignition reaction product" (adduct) at
ignition and (2) very fast reaction of accumulated propellants.
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a. DPre-ignition Reaction Product

During the course of the experimental determination
of the overall kinetic rate factors for ignition, it was found
that all four hydrazine-type fuel/N204 combinations formed a
reaction product under conditions at which ignition did not
occur. The '"adduct" condensed on the walls of the reactor tubes
and generally collected in the annulus at the base of the tubes.
The adduct, which formed at pressures below the minimum
ignition pressures (Tables V through VIII), is a clear yellow,
viscous liquid when it accumulates at the base of the reactor.

With NoH4 as fuel, a negligible quantity of the
adduct collected in the reactor annulus. Some material did
condense on the reactor walls but the droplets "bolled" vigorously.
Particularly with NgH4, readily observable smoke was entrained
in the flowing gas stream at the sub-ignition pressures.

The liquid adducts that collected with MMH,
UDMH, and 50-50 as fuels are stable at room temperatures and
pressures and have very low vapor pressures.

Chemical analyses, which were performed mainly
on the MMH adduct, show the adduct has the characteristics of
a monopropellant and contains considerable energy. Since the
adduct forms at pressures which exist during ignition delay
periods in attitude control engines, it is reasonable to suspect
that the adduct is the cause of the pressure spikes that occur
during engine start transients.

A qualitative correlation between the quantity
of adduct formed and tendency toward spiking appears to exist.
it was found in the case of NOo/MMH that the adduct which
collected at the base of the reactor annulus was about 20% of
the tctal mass of reactants flowed during the measured time
pericd (9 minutes). Qualitatively, NO9/50-50 formed a similar
amount of adduct but NO,/UDMH formed only about one-tenth as
much. Engine tests ind%cate that spiking tends to be less
- gevere with UDMH as fuel than with either MMH or 50-50 as

fuel. The tendency of NyO4/NoH4 toward spiking was not inves-
tigated in this program.

It is interesting to note that“the 50-50 blend
of NoH4 and UDMH forms an appreciable amount of liquid adduct
vhile neither fuel individually with NO9 forms more than about

15% as much.
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It should be mentioned that the experimental
apparatus in which the adducts were formed did not allow rates
of foraation of the adducts to be determined. The adducts
formed well within 100 msec but whether they can form during
typical ignition delay tines (up to 10 msec or so) cannot be
stated at present. _

‘b, Fast Reaction of Accumulated Propellants

A second possible cause of pressure spiking is,
of course, very fast reaction of accumulated, unreacted propel-
lants. Once the analysis of chamber pressurization due to
propellant vaporization is completed (Section III B.2.h), the
mathematical model of hypergolic ignition can give the quantities
of ‘fuel and oxidizer in the chamber at ignition, the mass of
each in the vapor phase, etc. . In essence, the hypergolic
ignition model gives not only the ignition delay time but also
the conditions in the chamber at ignition from which pressure
spikes result. These are then the initial conditions for a
pressure spiking modecl (autoignition/detonation transition
concept) which would permit evaluation of chamber geometry and
ignition hydraulics from a pressure spiking viewpoint.
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v
TASK II - EVALUATION OF ADDITIVES TO REDUCE ACTIVATION ENERGY

(U) The experimental apparatus used in the chemical
kinetics study, Figure 12, is well suited to the screening
of additives. Since the fuels are metered in the liquid state
and are subsequently vaporized drop-by-drop before entering
the reaction chamber, it is assumed that the fuel-additive

vapor stream has the same composition as the liquid fuel-additive

mixture. Preferential vaporization is eliminated. Also,
pressure ignition limits are a sensitive, reliable measure
of ignition delays. The pressure limits are quite easily
measured, and are obtained much less expensively and more
accurately than engine ignition delays. Screening tests of
many additives can be accomplished in a relatively short
time. Promising additives should then be checked in actual
engine tests to ascertain the improvement actually realized.

(U) PFive fueéel additives and one oxidizer additive were
tested in the low pressure, premixed-vapors apparatus to
evaluate their effect on hypergolic ignition of NOg/MMH at
low pressures. Generally, tests were made for both the
stoichiometric and equimolecular mixtures.

A. Fuel Additives

(U) The five organic fuel additives are miscible with
MMH and so mixtures of the liguids were prepared and tested
in the same manner as the neat fuels themselves, i.e., liquid
phase flow metering followed by drop-wise vaporization in a
heated glass spiral.

(U) The results of the tests are given in Table XIV.
The minimum igrition pressures for the two "neat" mixtures
were mezsured prior to the additive testing.

(U) The data of the table shows that of the five fuel
additives, only furfuryl alcohol had a significant beneficial
effect. The minimum ignition pressure of the neat stoichio-
metric mixture was reduced by about 25% and that of the neat
equimolecular mixture by about 17%. The other four additives
had no significant effect, one way or the other.
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TABLE XIV
EFFECT OF FUEL ADLITIVES ON IGNITION OF NOa/MMH MIXTURES

Minimum Ignition Pressure, mm Hg
Additive [ Stoichiometric  Equimclecular
g=1.0 @ = 2.5
None ) 6.0 4.4,4.3
Furfuryl Alcohol 4.4,4.6,4.5 4.0,3.5,3.3
Phenyliether 5.8,5.3,5.8 4.5,4.5
Methylbutynol 6.0,6.0 4.0,4.2
Ethylether 6.0,6.5,6.0 4.2
Benzene 6.0,5.8,6.1 i 4.6,4.3,4.0

4.7 cm burner diameter, % = 10.8
Total propellant flow rate = 33.6 cc/sec at STP

A1l additives are in amount of 10% by weight of fuel

B. Oxidizer Additives

(C) The very short igmition delays experienced with
Compound A and the hydrazine~type fuels in the unconfined
impinging stream tests of the preceeding program (Ref. i)
suggested that delays of NpOg/MMH might be shortened if a
fluorine-containing additive were used. Compound R, i.e.,
CF(NFg),, looks very attractive on peper as it contains seven
atoms of fluorine per molecule, has roughly the same volatility
as NoO4, and is miscible with NpO4 giving a mixture that is
safe to handle at concentrations of the additive to over 20%.

(U) Because Ny04 is flowmetered in the vapor state in
the experimental system, it was necessary to meter the
additive flow seyarately to ensure a known concentration.
Tha t%0 vapor streams were mixed at the base of the burner,
well before the mixing point with the fuel vapor.
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(C) The tests with Compound R produced resu..c unlike
any others in the sysiem. The minimum ignition pressure was
net only increased, but the good reproducibility of the tests
observed congistently to this pocint no longer was obtained.

(C) After a control run with the neat N50,/MME combipa-
tion, two tests with Compound R, at concentrations of 3 wgt. %
NoOs and 2 wgt. % N2O,, were made using the stoichiometric .
mixture. Minimum ignition pressures for the doped system were
higher than for the neat system. A repeat test of the neat
combination, after purging the additive line, gave minimum
ignition pressure of 35% higher thar the corresponding pressure
measured just prior to the Compound R additive tests. The
pressure was even higher than those obtained with the additive.
Two subsequent check ~urs with the neat combination, this time
the equimolecular aixture, gave again minimum ignition pressures
well above the value obtained prior to the additive tests.

(C) Only after thoroughly washing the burner tubes did
results agree with the previously measured values for the
negt system. Reproducibility became good once more. Compound
R apparently contaminated the system. It was noted that the
liquid which slowly collected at the base of the burner tubes
during the Compound R tests was darker in color than the usual
clear, yellow liquid from the neat N204/MMH mixtures.

(U) The Compound R flow system was well suited to testing
gaseous additives to the oxidizer. Thus a few tests with air
and with oxygen were asde. Minimum ignition pressures with
both of these pdditives were higher * .~ for *ke na2at gysten.
~w@ increase in the minimum ignition pressure was found to
depend on the amount of gaseous additive added. These two
additives appsrently act simply as diluente.
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\
TASK III - THRUST CHAMBER DESIGN PARAMETER STUDY

A. Test Appazatus and Instruxentation

l. Experimental Fascilities

(U) The thrust chamber de=ign parameter studies
were performed in a large vacuum tank so that the effect on
ambient pressure due to propellant vaporization and combustion
would s negligible. The vacuum tank is 7 ft. in diameter
and 2% ft. loag providing 2 vuiume of approximately 1000 cu. ft.
It ie fabricated of stainless steel for use with corrosive
propellants and progucts. The tank h.o four 3 in. diameter
ports along each side for inmstrumentation and observation
purposes. PFcr the schlieren pictures, 3/4 in. thick plate
glass windows which had suiiabvie opiical qualities -2re used.

(U) The vacuum pump system consists of a Roots B 225
pump and a3 Ronts 1600 hlower. An adsorption columm or trap for
removing any residual Fy and HF from the exhaust products is
installed between the vacuum chamber and pumps. The colu=z
contains successive sections of activated sodium bifliuoride,
scda lime, and drierite. The vacuum pumps and adsorption

 column are shown in Figure 28.

(U) The durations of the thrust chamber tests were
approximately 80 nsec which sas adequate to achieve steady-c:ate
chamber pressure *o allow determination of the 90% P, time.

At flow rates corresponding to a design thrust level of 50 1b.,
the pressu~s rige ir the tank after a test at a 10 mm Hg pressure
ievel vas lass than . & =g Hg hersuma of the ahcrt run duration
22d large tank volume. In most cases the short duration of

the tests also prevented dsmage to the transparen’ chambers,
permitting them to be used for a series of tests without the
necessity cf antering the tapk and replacing the cylinder.

tU) The oxidizer and fuel propellant systems for the
1iquid Comt-ound A/hydrazine-type propellante and gaseous Fo/Hy
propellants are shown in Figures 29 and 39, respectively. FEach
1iquid sysiem consisted cf & 300 cc stainiess steel tank,
safety val-e, propellant solenoid valve, and associated hand
valves and tubing. Each set was mounted on a separate plate
vhich conii.ined provisions for all necessary external connec-
tions such s pressurization, vents and losding so that a
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propellant tempezature conditioning bath could be installed,

if desired. The tank sizes were increased to 1000 cc for

the fluorine and 2250 cc for the hydrogen to minimize pressure
decrease during the tests with gaseous propellants.

Special solenoxd valves were prccured to assure fast
response rates and compatibility with both of the oxidizers used.
The Cumpound A tests were made with 1/4 in. venturi valves
manufactured by the Fox Valve Development Co., Inc., Hanover,
N. J. These valves were fabricated from stainless steel and
employed a pintle providing metal-to-metal propellant shutoff
in the throat of the oxidizer venturi and Teflon-to-metal
shutoff in the fuel valve. As a result, the propellant volume
in the valve downstream of the seat was quite small and the
valve was mounted dircctly to the back face of the injector
which minimized the time required for the propellant {o fill
the system. The normal valve opening time was 3-4 msec at
24 volts D.C. Initially, attempts were made to use Teflon
poppets in the oxidizer valve also to ensure zero leakage.
However, it was found that Teflon could not withstand the high
flowrate conditions, necessitating the use of aluminum alloy

(6061-T6) poprets.

The gaseous propellant valves were similar in design
but were sized for 1/2 in. lines so that flowrates equivalent
to 50 1b. thrust could be obtained with gaseous propellants
without excessive pressure drop. Orifices also were used in.
place of the venturi sections. Again, aluminum alloy was used
fer the oxidizer poppet to ensure suitable compatibility.
Teflon was used for the fuel poppet. Both the 1/4 in. and the '
1/2 in. sets of propellant valves were pcwered by a separate
90 VDC power supply to decrease valve response time to about
‘3 msec with the 1/2 in. valves and somewhat less with the 1/4 in.

valves.

Standard 1/4 in. Jamesbury ball valves having Teflon
seats were used as safety and vent valves for all propellant
systems. The Teflon seats eroded in the F, vent valve about
half wdy through the F, tests and the Compound A safety valve
seats were partially eroded at the end of the test program
although tne latter was not severe encugh to leak and may
have occurred during passivation with F3. The F5 valve seats
were replaced and the valve functioned satisfactcrily for the

balance of the Fy/H, tests.

-114-~



ATRPL-TR~65-257

2. Experimental Hardware

The 50-1bL. thrust, attitude control chambers consisted
of an injector-valve assembly, a chamber flange, a trangparent
chamber section for photographic observation, and a stainless
steel nozzle. A typical thrust chamber assembly, including tne
Fox valves used for the Compound A tests and two Kistler pressure
transducers installed in the nozzle, is shown in Figure 31l.

An exploded view of the same thrust chamber is shown in Figure
32. The Kistler water cooled adapters shown in the pictures
were used only during the initial portion of the original
10-month program. In the present program, the Model 601 and
603 transducers were flush-mounted in the chamber. A thin
layer of grease over the sensing surface delayed until after
shutdown the onset of spurious signals due to thermal effects
from the combusion gases.

The nozzle throat diameter and chamber length and
diameter were varied to provide a range of design parameters
including characteristic lengths of 5, 10, 30 and 50 in. with
nominal contraction ratios of 1.5, 3.5 and 8 at design chamber
pressures of 20, 75 and 200 psia. The transparert chamber
sections were fabricated from commercially available sizes cf
acrylic tubing which were simply cut to the desired length.
Since standard tube diameters were used, actual contraction
ratios ranged from 1.4 to 9.

A separate stainless steel nozzle section was
fabricat*ed for each of the three contractinn ratios at design
chamber pressures of 20 and 75 psia and for contraction ratios
of 3.5 and 8 at the 200 psia design chamber pressure. Tests
were not made at 1 contraction ratio of 1.£ at 200 psia chamber
pressure because r_. resulting chamber diameter was too small tc
be used with the desired injector configurations. Tests also
were not made with the 1.5 contraction ratio nozzles at an L*
of 50 in. at any of the design chamber pressures because the L/D
of the chamber became impractically long. Also, the 8 contract-
ion ratio at an L* of 5 in. was not physically possible to test
because the volume in the nozzle section was more than equi-
valent to a 5 in. T.*,

Each nozzle section included a 3/4 in. length with
the same internal diameter as the inside of the respective
chamber section to permit mcunting of the Kistler pressure trans-
ducers. The volume of this section as well as that of the con-~
vergent portion of the nozzle was included in the 1.* calculations
for sizing the transparent sections. Typical nozzles are shown
in Figures 33 and “4. The ngzzles shown 1in Figure 33 are designed
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5801-14

Figure 31. Transparent Thrust ngmher~Assemb1y

5801-12

Figure 32. Exploded View of Tramnsparent Thrust Chamber
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5801-13

Figure 33. Set of Nozzles for Same Design Chamber Pres-
sure (75 psi) and Different Contraction Ratios (1.,5-8)

5801-16

Figure 34. Set of Nozzles for Same Contraction Ratio
(3.5/1) and Different Design Chamber Pressures (20-200 psi)
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for the same nominal chamber pressure (75 psis) but for

ditferent contraction ratios. The nozxies in Figure 34 are

designed for the same contraction ratio (3.5), but for .
different nominal chamber pressures.

The entire chamber assembly was assembled with v
1/4 in. threaded rods. Buna-N O-rings were used to seal the
flsnges and the transparent chamber sections with satisfactory
results. Tnis type of constructi.on and assembly was used to
facilit&tie rapid changes of chambers and nozzles because of M
the large numaber 0! configurations to be tested. In some
tests the chaxbher flange at the injector end was replaced with
a thicker flange tc allow rocm for installation of a Kistler
pressure transducer gt the injector eud of the chamber as well
as the nozzle sad. 1In these tests ths tracgpsrent chamber
leugth was reduced to maintain the design I.*,

The twenty-seven thrust chamber configurations tested
in the Taszk Il program are shown in Table XV.

The twe injectors used in the liquid propellant tes’s
are shown in Figure 35. The majority of the tests were madr
with the single element doublet injector having 0.052 in. .

: diameter orifices. The impingement angle was 60°, the impinge-

] ment length was 0.12 in., oxidizer velocity was 75 ft/sec and

) fuel velocity 80 to 100 ft/sec. The single element triplet

E» injector maintained the 60° angle between the center oxidizer

: orifice and each outside orifice z2nd the impingement length

| was also 0.12 in., with the same propellant velocities. In

: both designs, the Fox valves were mounted directl> or the back

i of the injector with the cutlet section of the venturi inside
the injector body 3o the throat was approximately in-line with

the back face of the injector. This minimi~ed the volume dbe-

twe;n the vaive poppet at the venturi throat and the injector

orifices=.

_ The injector for the gaseousz propellant tests. shown
in Pigurs 38, consisted of a single sxial orifice for the
fluorine surrounded by & concentric annulus for the hydrogen.
The orifice was 0.20 in. in dismater and the unnulus, angled
at to the axaz so thdAt the hvdrogen shee* impirzed or the
2ivoride Streasi, wae 0.0620 in. wide. The larger propellant
valves iotunted diddctly on the rear face of the injector to
uinintsh.voluue downstream of the valve. “e
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Oxidizer Muel
Venturi VYenturi
Valve . Valve

Both Orifices = 0.052 in. diameter

(a) Doublet Injecior with Valves Assembled

Fuel Inlet B /-Oxidizer Inlet

1 7y

Oxidizer Orifice =« 0.082 in. diamqter
Fuel Orifice = 0.033 in. diameter
(Two sections taken 90° apart)

(b) Triplet Injector

Figure 35. Injectors for Compound A/Ng2H4 - Type Propellants
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Hydr Fluorine
Prope lant Propellant
Yaive . Valve
!llorlu Orifice ¢ 0.209 in. diameter
l;drqn Ansulus = 0.020 in. wide
Pigure 36. Concentric Injector and Valves for F3/Hy Tests
{
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3. Instrumentation

In addition to conventional instrumentation required
for propellant pressurization and system monitoring, special
instrumentation was employed to determine ignition delays and
monitor pressure transients during the ignition process. This
instrumentation included high speed schlieren movies of the
propellent impingement zone, -photomultiplier tube to detect
ignition, high speed direct photography, and high response
pressure transducer and recording equipment.

a. Schlieren System

The purpose of the schlieren system was to investigate
propellant stream characterigtics and determine the time at
which the propellants impinged. Not only can the initial time
of contact be ascertained by this method, but:- information on
vaporizaticn and mixing of the propellants could be obtained.
Since it was anticipated that initial injection of the propel-
lants would be in the vapor phase at the ambient pressures
below 10 mm Hg, direct photography alone was not adequate for

this purpose.

Although the schlieren instrumentation could not
be used to detect propellant entry during the actual thrust
chamber tests because of the poor optical properties of the
plastic chambers, it was used to study the injection charac-
teristics of each injector with each of the propellants that
were investigated. Schlieren films were made of each injector
without the chamber installed in order to determine the time
from valve signal to propellant entry as both vapor and liquid
to aid in analysis of the thrust chamber ignition tests.
Schlieren films were also made in which both propellants were
injected simuitaneously in order to determine ignition delay
in these unconfined tests for comparison with the thrust

chamber tests.

A two-mirror, parallel-path schlieren system was
used with a Fastax high-speed camera to obtain suitable time
resolutions. The essential components of the system included
a Unertl Model BH6 Normal and Color Schlieren Source, a pair
ol eight-inch front-surface parabolic mirrors of 64 in. focal
length, knife-edge, and the Fastax camera capable of up to
approximately 16,000 pictures per second using split-frame
optics. Time resolution at ignition was approximately 7 frames

(14 pictures) per msec.
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Parabolic Mirror

L
/
‘ﬂif.—./
Edge
‘f:;tlx

Camera

*. Mount Oxidizer
s /' Tank

Photomultipler Tube

z{:::l Tank

(f:) Injector “5

Schlieren
Source

Reference

Front Surface
Parabolic Mirror

Yacuum Tank
7 1t. diameter
x 25 ft. long

Figure 37. Schematic of Thrust Chamber Test setup
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The schlieren light source and one parabolic
mirror aré shown in' Figure 38. The second mirror and Fastax
camera with its controls are shown in Figure 39.

b. Direct Photoggaghz

A Kodak csmera having a speed of approximately
3000 frames per second and a second full-frame Fastax camera
were used for direct phoiography in selected tests with the
complete thrus. chamber assembly. They were used to determine
the location of ignition in the chamber and the nature of the
propagation of the flame. The cameras viewed the chamber through
the game tank windows as the schlieren and were located about
six feet from the combustion area. Tank lights were not on so
ignition location could be detected from the combustion light
and therefore propellants could not be seen before ignition in
these tests.

c. Iggition Detection

To determine the time at which ignition occurred,
a flame detector consisting of an RCA 1P 28 photomultiplier tube
was used. The tube is sensitive to wavelengths from about 2200A
to 6000A. No filter was required since the tank was not illumi-
nated for the thrust chamber tests. The flame detector was
located in the vacuum chsmber approximately 6 feet from the
injector with an uncbstructed view from the injector to the
bottom of the tank, ~ distance of about 3 1/2 feet. It could
sense ignition through the plastic chamber= in the thrust
chamber tests or elsewhere in the tank in the unconfined tests
regardleas of origin.

d. Pressure Instrumentation

Chamber pressure was measured with Model 601 and
amplifiers. The outputs were read out on an oscilloscope and
photographed for analysis. Two transducers were mounted in the
same plane at the nozzle end of the thrust chamber, as shown
in Pigure 31, for all tests. A model 601 transducer having a
frequency of 150,000 cps and rise time :f 3 microseconds was
calibrated for 345 sm Hg pressure at 3 cm deflection to define
tke preignition chamber pressure rise due to propellant eniry
and vaporisation. A Model €03 transducer with only 1/5 the
sensitivity, but with & natural 2reguency of 200,000 cps and
rise time of 1 microsecond, was calibrated for several chamber
pressure ranges, depending upc . the design chamber pressure, to
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5801-8

Figure 38. Schlieren Light Source and Oscilloscope
Setup

3801-4
Figure 39. Schlieren Camera Setup
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record sieady-state pressure as well as any possible pressure
spikes which might be experienced. - A secoend Model 603 trans-
ducer was used st the injector end of the chamber in some
tests to compare the chamber pressure at both ends of the
chamber. The transducers were uncooled because of the short
duratiopn tests, but the diaphragms were protected from over-
heating with a layer of silicone grease to prevent drift after
ignition. Although the grease would melt after several tests,
particularly at the highesat chamber pressure, and have to be
replaced, it dic¢ not appear to react with the propella.ats nor
did it affect the response of the transducers as indicated by

comparative tests.

e. Recording Equipment

In addition to th: schlieren and direct photo-
graphy films, the primary means of data acquisition was a
Tektronix Type 551 Dusl-Beam Oscilloscope with suitabie ampli-
fiers to permit simultaneous display of four parameters. The
output from the photomultip:ier tube and the two Kistler trans-
ducers at the nozzle end of the chamber were monitored on the
oscilloscope and recorded by a Polaroid camera. The fourth
channel was used for the third Kistler transducer or for the
current from the propellant valve circuit, depending upon the

nature of the test.

, The oscilloscope and camera are visible in
Figure 38. Also shown is the single~flash strobe light attached
to the parabolic mirror pedestal. The flash, having a duration
of about 2 msec, was detected by the cameras and by the photo-
multiplier tube and was used as a reference signal to correlate
the various instrumentation.

B. Experimental Thrust Chamber Program

The objective of the Task III thrust chamber tests was to
evaluate the influence of thrust chamber design parameters on
the ignition delay of two advanced propellant combinations,
gaseour fluorine/hydrogen and Compound A/hydrazine-based fuels.
The specific design parameters of interest were characteristic
length, chamber pressure, contraction ratio, and oxidizer lead.
The programmed range of taese parameters is shown below:

Characteristic Length 5-50 in.
Chimber Pressure 20-200 psia
Contraction Ratio 1.5 -8
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Oxidizer Lead +.002 to -.002 sec
Thrust 50 1b
Ambient Pressure 0.2 psia or less

(U) The principal propellant combinations investigated
during the program- were gaseous fluorine/hydrogen and Compound A/
NoHg. For comparison, tests were also made with Compound A/
Uﬁlﬂ and Compound A/MHF-5.

(U) Since unconfined impingement tests, which have been
reported in AFRPL-TR-65-105, indicated that injection para-
meters had no significant influence on ignition characteristics,
simplified injectors were used so that injection characteristics
(vaporizing, mixing) of the various propellants could be readily
determined photographically. No attempt was made to optimize
the injectors from a performance standpoint. The majority of
the teets were made with a single concentric injector for the
Fo/R2 tests and a single-element doublet for the Compound A

tests.

(U) All tests were made with ambient pressure in the large
vacuum tank between 7 and 10 mm Hg (0.13 to 0.19 psia). The
twenty-seven thrust chamber configurations shown in Table XV !
were tested with the two principal propellant combinations
(Fy/H,,, Compound A/NgHy) to investigate the effects of
charafteristic length, chamber pressure, and contraction ratio :
with simulteneous propellant injection. Duplicate tests were :
made with most of the configurations to determine reproducibilicy
of the results. Selected combinations of thrust chamber con-
figurations were then used to evaluate the ignition charac-
teristics of the other propeilant combinations, the effect of
oxidizer lead or lag and the effect of mixture ratio with the
Compound A combinations. i

o e b e e

(U) Results of the experimental program are discussed in
the feollowing sections. :

C. ggperinental Resuits -~ Compound A/Hydrazine-Based Fuel
ests

(C) A complete series of ignition tests was made with
Compound A/hydrazine for the range of thrust chamber configura-
tions which are tabulated in Table XV. The design chamber
pressures selected for these configurations were 20, 75, and
200 psia for a nominal thrust lcvel of 50 1hs. Comparative

-12-7-
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testz were made with Compouns A/UDNE and Compound A/EEP-2 at
a1l thres chsmbar pressiras in chambers with a 30 in. L? and
3.9 comiraction ratle.

1. Schiieren Charscierization of Propeliants

(C) Im order o dotermine the ignition delays for
the various propellant combinwtions and chamber configurstions,
the rorellant galry times were messsured with the schlieren
aystom. Since the sclLiiereu tichniques are ineffective with
the plestic chexbere instsiles. each propellant and injector
wen evaingted wi.nout they chamber attached and the resuiis are
shown o Table AVI. Zach myopellant vas ipjected individually
to determineg the time at which vapor and liguid injectiom first
appeared without beiny masked by the second propeliant or
ignitios. Several sdiditional schliecren tesis were made with
both propeilsare injecied simultanecusly to determine ignition
delay and ignitior locsation in the unconfined state. The
coluan lebeled "r2eistsnce” in Table XVI iz the value of the
serises resistor used in the valve circuit to deiay the second
rropellant vxlve. In all schlieren tests, a dumwmy propelliant
wvglve was uszd in place of the first pregellarnt valve to
duplicste the elecirical conditions in the actual chamber
tests,

{C? The physical properties of the propellants
greaily aff-ct ihe xlaie in which the various propellants are
farxt injec.eda, particelisciy &t the low zabient pressure
invoived. Signifiesnt dif%sren~es between the propellants were
deteciey 1un tne sebhlisres filas. For exsmple, hydrazine does
ot venuriso aafficiently for the schlieren syctem to detect
any gescouE oropeilant be.ore entry or the liquid stream.
Bydrarxing firat enters 23 = thia cocherent stream even at low
sabiont presasure wit: po indication of vaporisstion or break-
up within the 2 inch ilength visible in the schlieren field
of view x5 shown in Figure 4C. Entry time of the liguid was
vSry €asy to getect, bmt Lhe entry time varicsd over & rangs
of ssversl miliisecunds at low ambdient pressure. Three tests
with nominal luwen of 0.08 1h/sec at 20 mm Hg preasure produced
entry tiwes of 0.7, 2.0 and 1¢.4 msec. These testz were longer
then anticipated G0 additional tests were mace at higher subient
pregaurces to determinz? if pressvre influsnced the timing. The
flovwrate respined coustant with the changinz back pressure since
it wss coatrolled by the pressurz upstresx of the ven! 'wi which
repmined coastant. ZEptry times at the higher ambient pressures
i’ Table XVYI were shorter and more reproducibie probably due to
loss vaporization of the hydrazine.
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TABLE XVI

SCHLIEREN DATA - UNCONFINED TESTS OF COMPOUND A, NoH,, UDMH,
AND MHF-5 USING DOUBLET INJECTOR

Valve Signal to
Ambient Vapor &
Propellant | Pressure | Resistance ¥ Vapor | Liquid Liquid
na Hg ohms 1b/mec nsec nsec mgec
Compound A &9 (1] .120 2.7 6.4 10.2 i
20 0 .120 3.3 7.3 10.9
20 ¢ .120 2.9 7.3 10.8
20 10 .120 4.8 8.2 10.1
20 20 .120 4.9 8.2 11.8
20 30 .120 4.4 8.7 12.0
20 0 .128 -— v.8 10.7 !
20 0 .108 -— 6.7 | 10.2 3
N 750 0 . 080 6.4 ]
24 750 0 .060 6.4
750 0 .080 7.3
750 0 .060 6.4
150 0 . 080 8.8
100 0 .0G0 8.2 ;
50 0 .060 10.0 3
20 -0 .060 9.0 :
20 U] .060 10.4 .
20 0 .080 10.7 i
20 S .080 11.2
20 10 .060 11.0 :
20 20 .060 11.7 :
20 30 .060 13.5 i
20 40 .060 15.9 ;
20 0 .072 10.1 g
20 0 .052 11.2 ;
UDMH 17 0 .080 3.1 ——— §
17 4] .060 3.4 7.1 H
17 0 .060 2.9 7.1 5
4
MHF-5 . 11 0 . 060 7.1 8.0 i
11 y 0 .080 9.1 10.6
11 ¢ .060 7.8 | 9.8 :
11 30 .060 11.7 | 13.9
11 40 .060 14.2 16.3
11 o .072 8.0 9.2 5
11, 0 .052 9.3 | 12.3 ;
§
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5801-22

Figure 40. Schlieren of Hydrazine Injection,
Ambient Pressure = 20 mm Hg

5801-21

Figure 41. Schlieren of Compound A Injection,
Ambient Pressure = 20 mm Hg
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Varying hydrazine flowrate to obtain other mixture
ratios did not change entry time by more than 1/2 msec at the
20 mm Hg pressure. Entry time was shorter for low O/F and
longer for high O/F as would be expected for the varying flow-
rate. Fuel entry could be delayed up to 5 msec by varying
the resistor in the propellant valve circuit.

In the cther extreme, Compound A vaporized very
drastically at low pressure and the precise time of Compound A
entry was more difficult to define. At 20 mm Hg ambient-
pressure, vapor could barely be detected about 3 msmsec after
valve "on'" signal which corresponds to expected time of valve
opening. A mixture of vapor and liquid appeared at about 7 msec
and 8 definite charge to a nore dense liquid phase could be
seen between 10 and 11 msé€c. In contrast with the cohesive
hydrazine stream, however, the steady-state oxidizer flow
appears to vaporize immediately upon injection at low pressure
and the stream expands very rapidly as shown in Figure 41.

The rapid spread of the oxidizer flow obscures the entrance of
the fuel in the ignition tests.

The schlieren tests with UDMH, which has a higher
vapor pressure than hydrazine, appear to be similar to the
Compound A t<sts. Vapors first are visible at about 3 msec
after valve "on'" signal and they appear to become a mixture
of liquid and vapor at 7 msec. However, there was no clear-
cut transition to all-liquid as with the Compound A.

The initial state of MHF-5 appears to be a mixture
of vapor and liquid based on the density of the schliere and
the time at which it appears (about 7 msec) which corresponds
quite closely with the appearance of the UDMH mixture at the
same flowrate. The MHF-5 also vaporized rapidly after injection
when steady state flow was established. The steady-state
appearance of both UDMH and MHF-5 is quite similar to that of
Compound A shown in Figure 41.

The schlieren tests with both propellants are reported
in subsequent sections describing the results of the chamber
configuration tests for the various fuels with Compound A. In
general, ignition times of the unconfined tests were comparable
to those for the chamber tests.

~131~
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2. Thrust Chamber Tests - Compound A/NoHg

Table XVII summarizes the results of the thrust
chamber tests with Compound A/NpH, for the various thrust
chamber configuration parnmeters with the doublet injector.
These tests were made at 8 mixture ratio of 2.0.

The significance of the various data columns in
Table XVII and the subsequent tables is as follows. The
ambient pressure, Pya, is the pressure in the vacuum tank.
It was measured before the test, but it did not increase more
than 0.5 mm Hg during a test. Chamber pressure, P, is the
steady-state value and 90% P, is the time from valve "on"
signal to 90% of the steady-state chamber pressure. These
values were determined from the high-range pressure transducer
which wage also used to determine the shape of the pressure
transient after ignition and the magnitude of any pressure
peaks which might occur. The time from electrical signal to
the propellant valves to both the first indication of a signal
‘on the photomultiplier tube and the vertical deflection of the
photomultiplier signal are designated by PMFi st and 'pMVert
respectively. The Py or pressures at ixnition correspondlng
to the preceeding phoggnultiplier signals are also included
in the table. These pressures were measured by the pressure
transducer having the expanded low pressure range for detection
of initial pressure rise due to propellant vaporization. The
final column in the table is the time at which the low-range
pressure transducer rose nearly verticalily, indicating a rapid
chamber pressure rise due to ignition. The correlation between
this indication of ignition and that of the photomultiplier
tube is discussed further later in this section.

Tables XVIII and XIX summarize the additional mixture
ratio and propellant lead tests made with Compound A/NgoH4 using
the doublet injector. In Table XVIII, the results are shown
for tests at mixture ratios of 1.5, 2.0, and 2.5. These tests
were made with chambers having a contraction ratio of 3.5 and
L* extremes of 5 and 50 in., at all three chamber pressures.
Also incluced are four unconfined tests which were monitored
with both the oscilloscope and the schlieren. In all the
mixture ratio tests except test 963, the individual propellant
flow rates were adjusted to maintain a constant total flow rate
of 0.18 1b/sec. 1In test 963, the oxidizer flow rate was reduced
to extend the low mixture ratio range to 1.0. In this test the
total flowrate was reduced from 0.18 1lb/sec to 0.144 1b/sec.

The tests at a mixture ratio of 2.0 are repeated from Table XVII
to provide a direct comparison with the other tests.
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Table XIX contains the oxidizer lead/lag tests.
These tests were made by delaying the lagging propellant valve
by adjusting the appropriate resistor in the valve circuit.
The lead time was computed from the previously discussed
schlieren tests (Table XVI) of the individual propellants.
Most of these tests were performed at the lcowest design
chamber pressure to more readily detect differences in
ignition time.

a. _ggition Characteristics

Although the photomultiplier tube is used to
detect ignition in the thrust chamber tests, ignition also is
indicated in each test by a sharp iancrease in the rate of
pressure rise measured by the Kistler pressure transducer
calibrated for the low pressure range to detect vaporization
and ignition. Generally, both of these indications of ignition
ccincide although there may be up to a 0.7% msec lag in the
ignition time indicated by the pressure transducer installed
in the nozzie section. This lag is due to the finite time
required for propagation of the flame front from the injector
to the nozzle and is discusszd in more detail in the discussion
of the Compound A/MHF-5 tests.

In some tests, however, there were slight
fluctuations in the photomultiplier trace on the oscilloscope
up to 3-4 msec in advance of the vertical deflection associated
with ignition. These fluctuations were small in amplitude and
even returned to zero deflection for one or more milliseconds
in some tests before the final strong deflection occurred.

Both the time from valve signal to these initial small fluctua-
tions (when they occurred) and the vertical deflection are
reported under the "PMgirgt' and "PMyert' columns, respectively,
in Tables XVII, XVIII and XIX. The pressure in the chamber

at each of these times is also reported. In the tests in which
the small fluctuations did not occur the time indicated in the
"PMgirgt’” column is the same as in the 'PMyert" column.

Schlieren tests were made without the chamber
and nozzle installed to determine ignition delay in an uncon-
fined condition and to investigate these fluctuations to
determine which signal from the photomultiplier tube should
be considered as the indication of ignition. These tests
are reported in Table XVIII as Tests 928-931 and are summarized
below:

-139-
'

CONFIDENTIAL

WEERRE. F A

SR THTINY | FTEE

oSkl 2B e



' The time resc ution of the schlieren system was
approximately 0.07 mmec per picture. ' As indicated in the table,
the schliersn indication of ignition an¢ the vertical deflec-
tion of the photomultiplier tube agreed very closcly in each
of the tesmts. In test 830, however; the photcmultiplier
detected slight light output at 9.4 msec and agein xt 9.7 msec
1 but returned to zero before the strong deflection at 12.¢ msec.
l The schlieren pictures indicate that liquid oxidizer entered

at 9.2 msec but that there was no evidence of igrition until
312.1 msec. Ignition cccurred at the impingemen? point of the
two propellants, well within the field of view of the camera.
Similzr photomultiplier fluctvations were cxperienced in

Test 931 slthough the time between the initial fluctuatioas
and the vertical rise was much shorter.

. On the basis of these tests it sppesrs that the
seall fluctuations in the photomultiplier trace are the result
of very smali localized and discontinuous reactions and should
not be considered as & true indica*t’ on o. ignition. This is
also ipdicated by the relatively small increase in chamber
pressure during the period ip which these fluctuatic~s .ccar
prior to the verticel deflection of the photomultiplier tube
output.

Ignition in a chamber was also studied photo-
graphically with high-speed motion pictures st about 4000
framec per second. In tests 847 to 85J, reported in Table
XVIIX, the first visible sign of ignition was a small flame,
1 to 2 inches long, at the injector end of the chamber. In
the two iower mixture ratio testa (947-948), the first visible
light was detacuied at 9 and 10 xsec after valve opening while
chamber pressure was still at the original ambient pressure
of 10 mm Hg. The flame filled most of the chamber cross-
secticna) ares and required 11 to 13 frames (about 3 msec)

T 7 W
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930 9.4 12.0 12.1
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to reach the nozzle end of the chamber. During this period,
the chamber pressure increased to 300 mm Hg and continued
. to rise slowly and smoothly thereafter.

By contrast, the higher mixture ratio tests
(949-950) did not show any visible light until 12.5 and 13.5 msec
by which time the chamber pressure had increased to 55 and 70
mm Hg due to propellant vaporization and possibly some low
order reaction. The fiame initially was visible only in the
center of the chrmber and reached the nozzle within 1 msec.
Chamber pressure increased rapidly during the 1 msec period
and the low pressure trace rapidly rose off scale during
this period. The LKigh pressure trace also rose abruptly with
a series of small oscillations of about 10-15 psi amplitude.
In all four tests, the photomultiplier indication of ignition
preceeded the abrupt pressure rise by 0.5 to 1.5 msec.

_ From analysis of the motion pictures, it is
evident that ignition is initiated at the impingement pocint
of the liquid propellants and proceeds to fill the chamber
over a period of 1 or more milliseconds. The time difference
between chamber pressure rise and photomultiplier output is
due to the finite time required for ignition to travel the
length of the chamber. The time delay will be discussed in
more detail in the Compound A/MHF-5 tests where pressure '
transducers were locat:»d at both ends of the chamber. As the
result of the schlieren and direct photography tests, it was
concluded that the vertical deflection of the photomultiplier
tube should be taken as the true indication of ignition and
subsequent discussions will be based on this time.

As discussed at the beginning of this section,
the schlieren tests indicated some variation in the determina-
tion of propellant entry time. Both Compound A and NgoH4 entered
as a liquid between 9 and 11 msec at nominal flowrates. The
ignition times from valve signal in Table XVII range from 9 to
14.5 msec. Thus, the uncertainty in propellant entry time
represents a large fraction of any calculated ignition delay.

In any event, ignition delays are certainly less than 5 msec
from entry of the second liquid propellant and are more
probshly less than 2 msec even at the low ambient pressures

used for these tests.

* b. Effect of Thg%st Chamber Configuration on
lgnition and Rise Time i

The effects of thrust chamber configuration on
ignition and rise time to 90% of steady-state chamber are shown
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in Figures 42 and 43, respectively, for the tests reported

in Table XVII. The times shown in Figure 42 are from elec-
trical signal to the valve so that the times required -for
propellants to reach the chamber (9-11 msec) are included.

From Figure 42 it is evident that the thrust chamber configura-
tion effects on ignition time are not significant. The range
of ignition delays are quite similar for all configurations
except for the 50 in. L* tests. Although the average ignition
times are approximately the same, the shortest ignition time
with 50 in. L* chamber was 11 msec compared with 9-10 msec

for the other L* configurations, indicating the possibility

of a slight L* effect at large L#*s. Also, close examination

of the data indicates that the ignition times for the 200 psia
design chamber pressure configurations were less than 12.5 msec,
whiie the ignition times for the other design chamber pressure
configurations were up to 14.5 msec.- Although it appears that
the average ignition times are longer for the 30 in. L* tests
having a contraction ratio of 1.5, similar tests with this
contraction ratic at other L*s do not indicate any significant
effect of this parameter.

Similarly, there are no signficant effects of
thrust chamber configuration on rise time as indicated in
Pigure 43. Rise times shown in the figure are measured from
ignition to 90% of steady-state chamber pressure. As might
be expected, however, the rise times appear to increase as
the L* of the thrust chamber is increased due to the larger
volumes involved, although the effect is small over the wide
range of configurations actually tested.

Contrary to the results of thrust chamber tests
performed previously with NpO4 and hydrazine-type propellants
(Ref. 1), it is apparent that the influence of thrust chamber
configuration on ignition and rise time is small with Compound A
and NgH4. These results are not contradictory however,
because it also has been demonsirated in unconfined tests that
ignition of Compound A and hydrazine is not influenced
significantly by ambient pressure. The ignition characteristics
of N204/hydrazine-type propellants are a strong function of
ambient pressure and depend upon vaporization of the propellants
to increase the pressure in the chamber to a level at which
ignition can occur. Although pressure also may rise in the
chamber in tests with Compound A/hydrazine-type fuels due to
vaporization prior to ignition, ignition does not depend on
pressure rise and there is no direct correlation between
ignition delay and pressure in the chamber at ignition.
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The short ignition delayr obtained with
Cbnponnd A and the hydrazine fuels alio resulted in smooth
ignition transients in most cases. No pressure spikes of
the very short duration, high amplituis tyre associated
with K04 and hydrazine fuels were eacountered. Only Tesis 851,
833, 915 and 916 had any indicatiosc of pressure pesks
dnriat the starting transient and these were loss than steady-
state chamber pressure.

Three Compound A/ oscillograph traces are
reproduced in Figure 44. Tests , 8§33, and 889 were made
at nominal chamber pressures cf 200, 78, and 20 psis, recpec-
tively, with a contractior ratio of 9.0 and an L* of 30 in.
These traces are typical of the smooth transieats experienced
with most of the Compound A tests. The upper trace in each
record is the low pressure kistler transducer showing the
pressure before ignition. The next trace is the high pressure
Kistler which is calibrate! for 36, 33, snd 16.5 psi/cm in the
three records. The *hird crace is the photemultiplier which
deflects downward at ignitioan and the lo-oct trace is the valve
current.

c. Rffect of Mixture Ratio on Ignition

The effect of mixture ratio on ignition time
is shown in Figure 45. Ignition times are compared for
Compound A/NgBq (Table XVIII) and Compound A/MHF-5 (Table XXI)
at mixture ratios of 1.%, 2.0 and 2.5 with thrust chambers
having design chamber pressures of 20, 75 and 300 psia and
L*s of § in., 30 in. and 50 in. As indicated in the figure,
average ignition times increased about 1 msec as the mixture
ratioc was iacreased to 2.5 from the nominal 2.0 value and
decressed about 1.5 msec as the mixture ratio was decreased
to 1.5. These results are mnitigated somevhat dy the effect
of varying propellant flowrates upoa emtry time imto the
chambd: ;. As previously discussed ia Sectioa VCI, varying
hyiraxint flowrate to obtain other mixture ratics changed
entry time up to about 0.5 mee~ at 20 == Kg pressure. Entry
time was shorter at the lower mixture rat ios and longer at
the higher wmixture ratios due to the varyisg flowrates through
the fixed manifold and injector volumes. Ia view of these
eflects on propellant sntry, however, it still appears that
ignition tises are Somevhat shorter with lower mixture ratios.
Soth Nolig und NMIOF-5 showed the same trend. As in the tesis
&t th sominal 2.0 mixture ratio, thrust chamber configuration
kas no significaat effect on ignition time.
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Pc_- 105 psig

/A -
Ac,nt 9.00
I* = 30

Pc = 50 psig
Ac/'At =- 7.90
L* = 30

Pc = 5 psig
Ac/At =- 7.68
L* = 39

Test 889

(sweep = 5 msec/cm)

Figure 44. Oscillograph Records of Compound A/NoH,
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The spparent effect of mixture ratio on
ignition time was also observed in the previous tests with
N504/hydrazine fuels and is discussed further in Reference 1.

d. Effect of Propellant Leads on Ignition

The effect of propellant leads on the ignition
of Compound A/NgH4 is shown in Figure 46. The center point
of the abscissa represents simultaneous application ¢f power
to both propellant valves. Under these cornditions the
schlieren characterization of the injector discussed in
Section VCI indicates that fuzl first enters as a liquid at
10-11 msec while Coxmpound A first enters as a vapor at
3 msec, a nixture of vapor and liquid at 7 msec, and finally
as a liquid «* 10-11 msec. For the tests with simultaneous
energization of both propellant valves, it is apparent that
ignition occurs at or just after both propellants arrive in the
chamber in the liquid phase. Since a vapor phase of NgH, is
not detectable in the schlieren films, this time also corres-
ponds to the initial entry of NyH4.

A fuel lead was created by delaying the oxidizer
valve with the variable delay rheostat in the control systen.
Under these conditions, the fuel entry time was not affected
as indicated by the horizontal band in Figure 46 corresponding
to a fuel entry time of 10-11 msec to the left of center of
the figure. If, for example, a fuel lead of 3 msec were
desired, energization of the oxidizer vslve would be delayed
3 msec and, as indicated in the figure for a 3 msec fuel lead,
oxidizer vapor first appears at 6 msec, the mixture at 10 msec
and liquid at 13-14 msec. Conversely, an oxidizer lead was
obtained by delaying energization of the fuel valve. Note that
entry timee of the various oxidizer phases under these conditions
are represented by horizontal lines or bands to the right of

the figure.

Data points for the three design pressure con-
figurations shown in the legend have been superimposed on the
propellant entry times. It is evident that with an oxidizer
lead, ignition does not occur until entry of the liquid fuel.
Also, with a fuel lead, ignition again occurs when liquid fuel
first enters regardless of the physical state of the oxidizer.
With a 3 msec fuel lead the oxidizer is a mixture of vapor and
liquid at ignition and with a 5 msec fuel lead the oxidizer is
in the vapor state. The hydrazine is the controlling propellant
and ignition occurs upon its injection in the liquid stat>. 1If
a vapor phase preceeds liquid injection it cannot be detected
by the schlieren system and is too small to cause ignition.
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e. Triplet Injector Tests

Three chamber configurations were tested with
Compound A/hydrazine using the triplet injector shown in
Figure 35. The results of these tests are summarized in
Table XX. In this injector, the oxidizer passages were similar
to those in the doublet injector, but the fuel passages were
necessarily longer due tc the orifice pattern. As could be
expected from the results with the doublet injector, the
ignition times were about 4 msec loager with the triplet in-
Jjector due to the later fuel entry associated with the longer
manifold. The pressure at ignition was higher due to the
longer oxidizer lead but times to 90% P; were comparable to
those with the doublet injector.

3. Thrust Chamber Tests - Compound A/UDMH, Compound A/

Thrust chamber tests were also made with Compound A/
UDME and Compound A/MHF-5 for comparison with the Compound A/
NgH4 teste previously discussed. These tests were made with
ihe same thrust chamber coafigurations using. the doubiet
injector shown in Figure 35. The data for the ‘Compound A/UDiH
and Compound A/MHF-5 tests are tabulated in Tables XXI and
XXii, respectively. Individual characteristics of these com-
binations first will be discussed and then comparisons with

Compound A/NgH4 will -be made.
a. Compound A/UDME Tests

' In tests 855, 856, 857 and 863 with Compound A/
UDMH, the initial photomultiplier indication of ignition was
an almost vertical deflection at approximately 7 msec which
left the oscilloscope face in a small fraction of a milli-~
second. The igniticn times in these four tests correspond to
the entry time of the mixture of vapor and _liquid fuel as
determined by the schlieren tests reported in Table XVI. 1In
the other five tests, one cor more weaker photomultiplier sig-
nals, with a return to or near zero between pips, preceeded
the stronger sigznal. The weak signals correspond to the
period of gaseous injosction from 3 to 7 msec as indicated by
the schlieren films and the stronger signal at 7 msec corresponds
to entry of the fuel as a vapor/liquid mixture.

The occurrence of the weak reactions during fuel
vapor injection appears to be influenced by.thrust chamber
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configuration. The thrust chambers in which the vapor phase
reactions were detected (tests 858 to 86l1) were Jesigned for low
chanber pressure and had relatively large chamber volumes and
diameters. The tests with thrust chambers designed for high
chamber pressure which had small volumes and diameters (for the
same L* and Ac/At) by comparison, however, did not indicate a
vapor phase reaction and ignition did not occur until the UDMH
was injected as a vapor/liquid mixture.

The s:chlieren test shown in Table XXI with both
propellants injected simultaneously showed oxidizer vapor appear-
ing at 3.0 msec, fuel vapor at 3.1 msec, and ignition occurring
2t 3.3 msec. In the same test, the photomultiplier tube also
indicated ignition at 3.3 msec by slight deflection of the trace.
A stronger signal occurred at 7 msec when the liquid fuel
entered.

The times from signal to 90% of steady state
chanmber pressure in the chamber tests were about 2 msec shorter
with UDMH than witn hydrazine due to the 2 msec shorter ignition
times obtained with UDMH. The shorter ignition times in turn
were due to the shorter time required for UDMH to enter the
cihamber compared with NoH4. Rise times from ignition to 90% P,
however, were ccnparable for hydrazine and UDMH.

b. Compound A/MHF-5 Tests

The tests mzae with Compound A/MHF-5 are summarized
in Table XXI11. The minimum volume, doublet injector was used
with three chamber configurations at mixture ratios of 1.5, 2.0
and 2.5. Several tests (986 - 992) were made without the chamber
installed in order to obtain ignition characteristics with the
schlicren system.

In tests 587, 988, and 989, ignition occurred 10.1
to 11.3 msec after valve signal, corresponding to the liquid
entry time of liquid MHF-5 (10-11 msec). The ignition times also
coriesponded to the entry time of liquid Compound A (10-11 msec)
as also determined in previous schlieren films. Since ignition
times corresponded to the liquid entry times of both propellants,
Tests 989 to 991 were made with long propellant leads (about 1/4
gec) to determine if ignition would occur with either propellant
in the vapor phase. In Test 989 with a long fuel lead in order
to establish liquid fuel injection before entry of the oxidizer,
ignition occurred less than 3 msec after the "on" signal to the
Compound A valve. Ignition, therefore, coincided with initial
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gaseous injection of the Compound A. Jn Tests 990 and 991 with
long oxidizer leads, to establish liquid oxidizer injection, the
ignition times, measured from "on" signal to the fuel valve, were
8.1 and 8.8 msec, which correspond very closely to the vapor/
liquid mixture times for MHEF-5. It appears therefore that if
either the Compound A or the MHF-5 is present as a liquid, ignition
will cccur with the other propellant in the liquid or vapor

phase (vapor/liquid mixture for MHF-5) with ignition delays of

less than 1 msec.

The other tests in Table XXII with the three chamber
configuraticns have ignition delays within 2 msec of the delays
obtained in the unconfined tests for the same mixture ratio.

As in the hydrazine tests, chamber configuration does not affect
ignition time and the delay in the unconfined tests are comparable
to the shortest delays in the chambers. The variation in ignition
time with mixture ratio has already been shown in Figure 45.

PIIUPR VT

In Tests 985-980, a third Xistler transducer was
installel at the injector end of the chambers which were about
8 in., long in this series of tests. In the 8 tests with the
75 psia design chamber pressure nozzle (965 - 972), thers was
no indication of ignition from the puotomultiplier tube wuntil
the strong vertical deflection corresponding to liquid entry of :
the propellants. 1In 211 of these tests, the pressure transducer :
at the injector end of the chamber showed a sharp rise at the
same time as the photomultiplier trace deflected. The two trans-
ducers at the nozzle end of the chamber, however, did not start
to rise until 1/2 msec later. The transducer outputs were inter- ,
changed on the oscilloscope in two tests to be sure the 1/2 msec v
difference was not a result of a time lag in the dual beams of :
the oscilloscope. The same time lag was obtained in each case
indicating that the delay in pressure rise between the injector
end and the nozzle end of the chamber was real. Once ignition
cccurred, however, there was no detectable phase shift in the
oscillations of the transducer at either end of the chamber.

L 3 AN L

R R ]

Three of the 8 tests with the 20 psia design
chamber pressure nozzle (Tests 973, 974, 977) had an indication
of the preignition reactions discussed previously on the photo-
multiplier trace. These reacticns, however, were not detectable
in the pressure traces. In these three tests, the injector
pressure rise was delayed 1/2 msec after the stronger photo-
multiplier signal although the reason for the delay is not
evident. The remaining tests were similar to the 75 psia chamber
pressure tests in which injector pressure rise corresponded to
the strong deflection of the photomultiplier trace, and up to

2 ey,
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1/2 msec delay in the pressure rise at the nozzle end was
observed. These data corroborate the photographic evidence
previously noted that ignition of Compound A/NgH4 occurs at
the injector and takes a finite time to progress to the
nozzle end of the chamber.

c. Comparison of Compound A/Hydrazine Fuels Test

The ignition times and the times to 90% of steady-
state chamber pressure are compared for Compound A and the three
hydrazine-type fuels in Figure 47 and 48. The data are for
thrust chamber configurations having an L* of 30 in. and a
contraction ratio of 3.5 for each of the three design chamber
pressures. The tests were made at a mixture ratio of 2.0.

As indicated above, inspection of Figure 47 shows
that UDMH has the shortest ignition time of the three fuels.
Ignition occurs at about 7 msec corresponding to the entry of
a liquid/vapor mixture of UDMH. With NoH4 and MHF-5, ignition
does not occur until after 10 msec at which time both propellants
are being injected in the liquid phase. As indicated in the
figure, design chamber pressure has no significant effect on
the ignition times of the respective combinations. Although
not shown in this figure, previous discussions have also shown that
the other thrust chamber configurations (L*, Ac/At) have little
effect on ignition time.

As shown in Figure 48, 90% of steady-state
chamber pressure is also reached faster with UDMH than the
other fuels by virtue of the earlier ignition obtained with
UDMH. Rise times from ignition to 90% of steady-state chamber
pressure, however, are gimilar for all three fuels. As might
be expected, the rise times associated with the low design
chamber pressure configurations are slightly longer than with
the high design chamber pressure configurations because of
the larger chamber volumes involved.

The ignition transients with both UDMH and MHF-5
were smooth and there was no indication of pressure peaks or
spikes in any of the tests.
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D. Experimental Results - Fluorine/Hydrogen Tests

A complete series of ignition tests was also made with
gasevus fluorine and hydrogen using the thrust chamber coa-
figurations shown in Table XV. The chambers and nozsles were
identical tc those used for the Compound A tests, but the
concentric injector sdown in PFigure 36 was used with the larger
propeliant valves previously discussed in order to obtain the
desired flowrates with gaseous propellants. The fluorine was
injected axially through a single orifice and the hydrogen was
injected through a concentric annulus so that it impinged on
the fluorine stream at a 20° angle.

Data from the twenty-seven chamber configurations tested
are summarized in Tabl: XXIII. The tabulated parameters are
defined as they were for the Compound A tests. Ignition time
shown in the table is based on the photomultiplier output. No
preignition reactions were noted with this propellant combina-
tion. The shorter i nitiou and rise times experienced with this
combination permitted a faster oscilloscope sweep which resulted
in ignitiou time resolution of 0.1 msec compared with 0.5 msec
for the Compound A,/NgHg tcsts. The "valve current” column in
the table is the tipe from valve "on"” signal to the first
minismure in the valve current trace. Six tests were made with
the fuel valve delayed 2-3 msec as indicated in the table.

Early in the test program it was found that a 2-3 msec
spread in igrition time was being experienced which could not
be correlated with thrust chamber configurztion. The ignition
time, which iy defined as the time from valve "on" signal to
ignition, varied from 2.8 to 6.0 for tests with simultaneous
propellact valve energization. A spread of up to 2.3 meec was
proted for successive tests with the same chamber configuration.
In order tc¢ determine the cause of these small but unexplained
variations in ths results, the various coa onents of the test
syster were exaained. It was found that the DC power supply
vized for thesa tomts had a 130 cps ripple when drawing the 12
amps required to operate the larger propellant valvea. This
ripple was virible on the valve current trasce. The efferc ui
the ripp’e? was somewhkiat acceutuated by the fact that the tank
presaures reQuired to obtain the desired gaseous propelilant
flowrates were approaching the liriting pressure at which the
large, direct-acting sclemoid valves would opca consiftently.
The varigtion in power <ve to the ripple gt the critical oponing
point could affect actual opening Zime by severs! msec. it is
svident, therefore, the!t the appareat -ariatici im ignition times
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encountered is due to the ripple rather than the result of any
propellant or chamber c%xracteristica. In Figure 49, the
ignition time is plotted as a furnction of the minimum point on
the valve current trace. It iz apparent that all ignition times
can be included in & 1 msec wide band irrespective orf chamber
configuration and that with a more stable power supply, all
chamber configurations wculd have had equal ignition times within
+ 1/2 msec.

Schlieren films also were taken of the injection and ignition
of the unconfined gaseous propellants. Both the fluorine and
hydrogen gases were difficult to detect in the schlieren pictures
at ambient pressures below 10 mm Hg. Because of the low density
of the gases it 18 possible that some vapors may have entered
for a short period before the flowrate was sufficient to detect
propellant entry at the low ambient pressure. The propellant
entry times in the four Fy tests, three Hy tests, and three
F2/H2 schliecen ignition %ests are included in Figure 49 and are
all within 1/4 wsec of the center of the 1 msec spread. All
three ignition times of these unconfined tests are within the
1 mscc vaind #1so. 1In the unconfined tests with both propellants
being injected, the leading propellant obscured entry of the
second propellant because of the concentric design. However,
ignition delays from the leading propellant were only 0.70 msec
at 100 mm Hg ambient pressure, 5.29 at 50 mm, and 0.24 at 7 mm.
The apparently longer delay at 100 mm may have been due to more
accurate detection of the first gas at the higher pressure rather
than a truly longer delay. 1Ignition was clearly visible near
the injector in the films at 50 and 100 mm Hg. At 7 mm Hg,
however, the origin of ignition could not be determined and it
may have occurred out of the field of view of the schlieren
system which is limited to about 2 inches from the impingement

point,

Several thrust chamber tbtests were made with the third
Kistler transducer at the injector end of the chamber. As in
the Compound A tests, the initial rise in chamber pressure at
the injector end coincided with the initial visible light. No
delay in chamber pressure rise at the nozzle end was experienced
with the shorter (1 - 4 in.) chambers. However, delays in
pressure rise at the nozzle end with longer chambers ranged from
0.4 to 0.6 msec for chambers about 12 in. long to a maximum of
0.8 msec for the 22 in. long chamber.

The rise times from ignition to 90% P, were less than
7.5 msec except for one configuration (Tes%s 1076-1078) which
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does not seem to fit the other data. Rise times for these

three tests were unusually. long for no apparent reason. Except
for these tests, rise times were proportional to chamber volume
or L* 2s shown in Figure 50. With the 30 and 50 in.. L* con-
figurations, the rise time data spread was +1 msec and there
was no significant effect due to either contraction ratio or
design chamber pressure. Data spread was slightly larger at

the smaller L#*'s and the lowest design chamber pressure (20 psia)
appeared to have shorter rise times. However, combustion
efficiency with the smaller L*, 20 psia chambers was low and

the time required to reach the low steady-state presaure obtaired
in these tests is undoubtedly less than that required to reach
higher pressures consistent with good performance.

Six tests (Nos. 1008, 1C1l1, 1002, 1922, 998, and 1C1l7) are
included in Table XXIII in which the fuel vaive was delayed for
2-3 msec. Ignition times were delayed corresponding to the
delay in fuel entry. Rise times were comparable to the rise
times in the tests with simultaneous valve energization for the
10 in. L* chambers and 1-2 msec shorter for the 50 in. L* chambers.
Some pressure rise due to the fluorine could be detected in the
higher design pressure, sherter L* chamber configurations when
the fuel valve was delayed. In all the other tests ignition
preceeded any detectable rise in chamber pressure.

There was no indication of any pressure spikes during the
rise time with the F2/H2 combination in any of these tests.
Ignition delays were short as indicated and the pressure tran-

sients were smooth.

The oscillograph traces from Tests 1086, 1084, and 1081 are
chown in Figure 51. The trace positions are the s=is¢ .3 for the
Compound A tests in Figure 44, but the sweep is increased from
5 to 2 msec/cm. As in the case of the Compound A/hydrazine-

propellant tests the short delays and snocoth pressure transients
should be noted.
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P, = 132 psig
Ac/At = 3,22

i+ = 30 in.

Test 1086

Pc = 53 psig
Ac/At = 3.50
L* = 30 in.

Pc = 10 psig
A./A¢ = 3.54
L* = 30 in.

Test 1081

fsweep = 2 msec/cm) !

Figure 5i. Oscillograph Records of F2/H2 Tests
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. COWGLUSIONS

C0) Bignificunt progress has been made in obtaining &
fundsmental underctanding of hypergolic ignitiom under vacuum
conditions. Although further refinement incorporating additional

¢ffects aych &5 propellant “flashing" in injector manifolds

s L;irod to optimize the model, a working matu~mntical model
qﬁ;b ‘r-edicts the ignition dol&y of N204/hydrazine-type propel-
lants with ressonable accuracy has been developod. Further,

the ignition model forms the basis for, and can be extended to,
3 mathematical wodel which considers the pressure spiking

Rhenomepon,

(U) Based on the results of the oxperimentsl and ansiytical
iuv attggt;onn performed under Part II of Contract AFO4(6il1)-

the following conclusions are drawn witk regard to the
variouu tasks and phases ¢f the program.

A, ‘”zgik I - Moasurement of Resction Rate

(U) 1. At sub-igniiion pressures, a pre-ignition reaction

product (adduct) is formed by each of the NOg/hydrazine fuel

c¢ombinations tested. Chemical snalyses of the clezx, yellow,

viscous liquid adduct formed in apprec’able cuantities by

KMH and NOg vapors indicate the adduct is an associacive product

of the rplctants has the cherscteristics of a monopropeillant,

contpins coasiderable energy. Its relation tu pressure

spiking during engine start transients is not 3 .t determined.

U) =2, The initial rate of pressure rise in a8 thrust chazber
18 retarded in the case of very volatile propelliants such ar '

and Compouund A by substantial propellant "flashing" within
tha injector volume upon propellant vaive opening. A sigaificant
time elapses before the mass flowrate into the thrust chsmber
rezches its full, nominal value.

(U) 3. Althcugh sufficiently accurate chamber pressurization
- histories for Nz204 cannot be calculated at present due to its
trgnliopt flowrate behavior upon propellant-valve opening, the
cho;lggl kingtics t of the hypergolic igrition model can be
compared with experiment. Theoretically calculated ignitiou
dgl;{ tipos in gh epgine, based on estimated vapor-phase com-
position and temperature, agree reasonably with experimentally
determined engine ignition delays.
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(v) 4. In agreement with experimental results, the theoretically
derived bypergolic ignition model indicates that the optimum
vapor~-phase composition for shqrtest ignition delays is the
squimolecular mixture which, for UDME, MMH and 50-50 with N3O,

are markedly more fuel rich than typical operational mixture
ratiog.  Advautage of this fact Lo obtain shorter ignition

dolays may be taken through suiteble injector designs coupled
with:propellant leacs sand lags,

(U) 5. Dowinant ignition resctions of Nz04/hydrazine-type fuels
8% low pressures are ihaymal, gas phase reactions which are
bimolsoular and hgve iow activation energies (less than 10 kcal/
male) and lov pre-axponential factors.

(U) 6. Propellant vaporization in a thrust chamber prior to
ignition is non-adiabstic due to heat acddition to the vapor-drop
, systan from the thrust chimber walls. ,

B. '§§§§ II - Evgluatiog,of Additives to Reduce lctivation
Suergy

(V) 1. The low prassure, premixed vapor stream apparatus is
well suited to screeuing of additives. The measured variable
igniticn pressure limit is a sensitive, reliable measure of
ignition delay. additives may Le evaluated relatively easily
with good accuracy and less expensively than in engine firings
at low ambient pressure.

(U} 2. Of the five orgsnic fuel additives tested in the
apparatus, furfuryl alcohcl was found to have a significant
- baneficial effect on the ignition characteristics of N,O4/MMH.

-{€) 3. The one principal oxidizer additive tested, Compound R-
FC(NFg) g, not only worsenmed ignition characteristics but also
rediced. royroducibility considerably. Only after thoroughly
wgshing the apparatus were the normal, repeatable results cbtained
agein with the neat propellants.

c. igak III - Thrust Chamber Design Parameter Study

1. Compound A/Eydrasine-type Fuels

. {Ch  ». Isnition delays in the thrust chamber tests with
thp Chgaound A/hydrazing-type fuels were very short. Ignition
s with UDMU are smomewbat shorter tuan those with NgHg or
»5, although rise times (ignition to 90% P.) are comparatle.
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CONFIDENTIAL

&




CONFIDENTIAL

AYRPL~TR--85~237

T 0y b, ‘Because of the short iguition delay, the pressuro
traraiénts Fre smooth with no ind.cation cf the vary short
duration, high ampiitude, xrandom prezsure spikes characteristic
of the ¥304/hydrazine-type fuels.

A . Ignition occurs at the injector and piccoeds
rapidly acd swoothly through the chamber.

J) d. Ignitioa in & thrust chamber is indepeudert of
prossure rise due to propellsnt vaporizstiorn. Ignitior delays
in the chambsr tests with each gropellant were cosparable with
the 43lays asasured iz the unconfine.) schlieran teste. By
contrast. previous thrust chamber tesis with N204/hydrasip:-
type fuels (Ref. 1) indicated an extreme pressure devendency.

(C) 4. Ignitior characteristics are not significantly
influenced by thrust chamber configuration parameters because
of the lack G2 pressure dependency.

(C) t. Altbough the influence of thrust chamber geometry
on rive “1me to $0% of the s(eidy-stute chambes pressure was
small, the configuri.ions with the u=aller volum¢s generally
produced slizhtly shurcer rise times.

(L) g. |Mixturc ratio tests indicated somewhst shorter
ignition delays with fue’-rich mixtur: ratios than with oxidizer-
rich mixture ravios.

(C) h. Propellant lesd testz with Compound 4,/'Ngly4
indicate that I nition occurs rapidiy upcu entry of hydrazine
:ﬁgardlosl of the state (vapor, mixture, or liguid) of Compound

3. IfE;

(U) a. Igrition owlayc were very short (wiihin i msec)
in the thrust chambex and unconriaced schlleren lests.

(M) b. As with Compouud A/hydrazine-tspe fucls, ignition
doss not depend uypon pressure risc n the chamber. In =most
testa ignitica occur.ed before any devsctsble rise in pressurn
due %o pro,ella~t entry.

(U) c¢. Ignition delay #as not influeced by thrust
chanber design parametors.

1T
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_(U). 4. Ignjition occurred at the injector and pressure

 trapsisnts were smootk with mo indication of pressure spikes

ix any of the tezis.

(U) e. Rise tims tc 90% of steady-state chamber pressure
wae very rapid. Lise time was somevhat shorter with smaller
L*'s than sith larger L*'s as might be errected.

-
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VIi

RECOMMENDATIONS

Several factors pertinent to hypergolic ignition in reaction
control systems that were either outside the scope of the present
program or reguire further study beyond that which time permitted
in this gix-month effort are enumerated below:

1. The pre-ignition reaction product (adduct) appears, at
present, to be a likely candidate for the cauce of the pressure
gspikes experienced during engine start transients. It should be
deternired whether, in fact, the adduct is the cause. Properties
of the adducts formed by the hydrazine fuels with NpO4 are re-
quired, including their rates of formation and decomposition.

It should also be determined whether the adducts are necessary
intermedistes in the reaction mechanisms for ignition or whether
they are side products which tend to impede ignition.

If the adducts do prove to be the major cause of pressure
spikes, methods should be investigated to (1) avoid its formation
if it is not a necessary intermediate, (2) minimize its.accumulation
on thrust chamber walls, during ignition delay times (and during
tail-off too) and/or (3) retard its decomposition rate in order
to l2ngthen the time over which the accumulat,d energy is released.

2. To be made general, the analysis for chamber pres-
surization due to prcpellant vaporization requires inclusion of
expressions tc account for the initial transient flowrate
behavior of very volatile propellants upon propellant valve open-
ing. Also required is a general expression for the heat addition
t¢ the vapor-drop system from the thrust chamber walls.

3. Then, the complete mathematical model for hypergolic
ignition in reaction control systems should be further verified
by comparisons with experimental ignition delays in engines of
various chamber configurations, thrust levels, etc.

4. A mathematical model of pressure spiking during start
transients should be developed to permit evaluation of chamber
geometry and ignition hydraulics from a pressure spiking view-
point. The hypergolic ignition model developed in the present
program is a major part of the pressure spiking model and is
readily extended to include the pressure transient.
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5. Since a roliable, lov cost msthod is now available,
cxteasive screening of chemical additives to shorten ignition
delays is recommended. The more costly testing in engines at
low anbient pressures can then be limited to only the most
promising additives.

8, As indicated above, thrust chamber tests to verify the
results of the experiments and to determine the significance of
the results under sctual operating conditions are required. It
is recommended, therefore, that a concurrent fundamental investi-
gation cnd thrust chamber verification program be undertaken to
accomplish the above goals.
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